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Chapter 1 
I Introduction 
Most, if not all, of the RNA in the cell is bound to proteins to form complex 
structures which are termed ribonucleoprotein particles (RNPs). These complexes have 
important functions in all kind of cellular processes (Luhrmann et al. 1990, К п and 
Query 1991). In eukaryotes most of the RNPs described thus far function in steps 
along the pathway of gene expression (Dreyfuss et al. 1988a). Already during 
transcription the pre-messenger RNA molecules (pre-mRNA) are bound by a series of 
about 20 different proteins (Pinol Roma et al. 1990). These proteins, which are called 
heterogeneous nuclear ribonucleoproteins (hnRNP proteins), are important for the 
packaging of the pre-mRNA and may also have an effect on the processing and 
transport of the RNA. 
Most of the pre-mRNAs contain coding sequences (exons) which are interrupted by 
non-coding sequences (introns). The introns are removed by the splicing process in 
order to obtain functional mRNAs. During splicing, the pre-mRNA forms a complex with 
the small nuclear RNPs (snRNPs) U1, U2, U4/U6 and U5. In this complex, which is 
called the spliceosome, the introns of the pre-mRNA are removed (Green 1991). 
Another important step in the maturation of the pre-mRNA is the processing at the 
3' end. Most pre-mRNAs are cleaved at the 3' end followed by addition of about 200 
adenosine residues. In this process snRNPs do not appear to be directly involved 
(Wähle and Keller 1992). 
The mature mRNAs are finally transported through the nuclear pores to the 
cytoplasm where they are bound by specific cytoplasmic proteins. The cytoplasmic 
mRNPs are then able to interact with other RNPs, the ribosomal subunits, to direct the 
synthesis of polypeptides. 
In conclusion, it is quite clear that ribonucleoprotein particles mediate a variety of 
interactions important in various cellular processes. In these interactions RNA-binding 
proteins have an important role. A better understanding of how an RNA-binding protein 
interacts with its cognate RNA will therefore be helpful to gain more insight into the 
complicated process of gene expression. 
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In the study described in this thesis the U1 snRNP specific A protein (U1A) and U2 
snRNP specific B" and A' proteins (U2B" and U2A') are employed in order to analyse 
specific protein-RNA interactions. The U1A and U2B" proteins belong to a family of 
polypeptides containing a conserved 80 amino acid RNP-80 motif (Habets et al. 1987, 
Sillekens et al. 1987). This RNP family functions at several levels in RNA processing 
and some members are involved in tissue-specific as well as developmentally regulated 
gene expression (see Kenan et al. 1991 for a compilation of sequences). Despite the 
homology between these proteins they have unique recognition properties that allow 
them to distinguish between different RNAs. For this reason the proteins of the RNP 
family are very useful to increase our insight into the principles governing the specificity 
of RNA-protein interaction. 
II Small nuclear RNAs. 
The RNA components of the snRNPs are rich in uridine residues and, therefore, are 
referred to as U small nuclear RNAs (U snRNAs). They belong to the class of metabo-
lically stable RNAs. In mammalian cells there are 6 major U snRNAs, named U1 to U6, 
ranging in size from 106 to 217 nucleotides, which are present in approximately 1 x105 
to 1 χ 10s copies per cell. In addition a growing family of less abundant U snRNAs (U7 
to U14) has been described (Guthrie and Patterson 1988). 
Analysis of the various U snRNAs isolated from a wide variety of organisms revealed 
an extensive conservation of their nucleotide sequence and secondary structure. An 
exception are the U snRNAs of Saccharomyces cerevisiae which have an unusual 
length (5. cerevisiae U1 and U2 snRNAs are 569 and 1175 nucleotides long, 
respectively, as compared to the 165 and 189 nucleotides of their mammalian counter­
parts). However, several structural features of the U snRNAs have been conserved be­
tween yeast and man and most of the extra regions of the yeast snRNAs are 
dispensible for their function in splicing (Shuster et al. 1988, Siliciano et al. 1991). The 
nucleotide sequences of the human U1 and U2 snRNAs and their most probable 
secondary structures are shown in Fig. 1. 
In addition to the evolutionary conservation of the secondary structures, the primary 
sequences of certain U snRNA regions are 100% conserved. With a few exceptions, 
these highly conserved regions are mostly single stranded in the secondary structure 
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models and often function as protein-binding sites or are involved in base-pairing 
interactions with either pre-mRNA or other U snRNAs. 
Some structural features are shared by distinct U snRNAs. One hallmark of the U 
snRNAs is the presence of a 2,2,7-trimethylguanosine cap structure (TMG) at the 5' 
end. The only exception is U6 snRNA which carries a p-methyl triphosphate at its 5' 
end (Singh et al. 1989). This difference is related to the fact that U6 snRNA genes, 
unlike the other snRNA genes, are not transcribed by RNA polymerase II, but by RNA 
polymerase III (Kunkel et al. 1986, Krol étal. 1987, Reddy étal. 1987). The U snRNAs 
also contain a number of other modified nucleotides, such as pseudouridine and №-
methyladenosine (reviewed by Reddy et al. 1988). A common structural feature of 
most of the U snRNAs, including the U1, U2, U4 and U5 RNAs, is the so-called Sm-
site. This element, that consists of a single stranded sequence, PuA(U)nGPu (where η 
= 3 - 6 ) flanked by double stranded stem-loop structures, is essential for binding of a 
set of proteins that are shared by many U snRNPs (reviewed by Mattaj 1988). 
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Rg. 1 . Schematic representation of the secondary structure of the human U1 and U2 snRNAs (taken from 
Luhrmann et al. 1990, w i t h permission). 
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III Protein composition of snRNPs 
Knowledge of the protein composition of spliceosomal snRNPs has increased 
considerably over the last few years. The major reason for this is that the purification 
procedures for individual snRNPs have been improved remarkably. Furthermore, it was 
found that the association of certain snRNP-specific proteins is rather sensitive to 
moderate concentrations of mono- and divalent cations. In HeLa nuclear extracts 
prepared with a high-salt buffer the majority of the U1, U2, U4/U6 and U5 snRNPs 
sediments between 10S and 12S. When a low-salt buffer is used the majority of U5 
snRNPs sediments at 20S and a fraction of U2 snRNP at about 17S. In addition, 25S 
U4/U5/U6 particles could be detected in a nuclear cell extract normally used for in vitro 
splicing (Lührmann et al. 1990). 
The snRNPs sedimenting in the 10S range contain only the most tightly bound 
snRNP proteins. At least 8 polypeptides, denoted Β',Β, D,, D2, D3, E, F and G, have 
been reported to be present in all snRNPs, and are called the 'common' or Sm proteins. 
Tabi« 1 . Currently identified snRNP polypeptides from HeLa cells (Lührmann et al. 1990, Behrens et al. 
1993). 
U1 
(12S) 
Sm proteins 
22 (С) 
34 (А) 
70 С70Ю 
U2 
(17S) 
(apparent 
Sm proteins 
28.5 <ВН) 
31 (А') 
35 
53 
60 
66 
92 
110 
120 
150 
160 
U5 
(20S) 
molecular wei 
Sm proteins 
15 
40 
52 
100 
102 
116 
200' 
íght 
U4/U6 
(IOS) 
in KDa) 
Sm proteins 
U4/U6/U5 
(25S) 
Sm proteins 
15 
40 
52 
100 
102 
116 
200' 
20 
27 
60* 
90 
• r · prarant м · doubl· band in t h · SDS-polyccrylafnid· gal 
In addition to these polypeptides, the 10S U1 and U2 snRNPs contain several specific 
proteins. These particle specific proteins are referred to as U1-70K, U1A and U1C for 
the U1 snRNP, and U2A' and U2B" for U2 snRNP (Lührmann 1988a). The 10S U4/U6 
and 10S U5 snRNP, on the other hand, contain only the common proteins. In contrast, 
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the 20S U5 snRNP contains at least 7 specific proteins with molecular masses of 15, 
40, 52, 100, 102, 116 and 200 kDa (Bach et al. 1989). The 25S U4/U5/U6 snRNP 
complex contains an additional 4 proteins with molecular masses of approximately 20, 
27, 60 and 90 kDa which are unique for this so-called tri-snRNP complex (Behrens et 
al. 1991). Recently, nine proteins has been identified with apparent molecular masses 
of 35, 53, 60, 66, 92, 110, 120, 150 and 160 kDa which are specifically present in 
the 17S U2 snRNP (Behrens et al. 1993). An overview of the protein composition of 
the various snRNPs is given in table 1. 
Antibodies directed against several snRNP proteins are sometimes present in sera 
from patients with autoimmune diseases such as systemic lupus erythematosus (SLE) 
or mixed connective tissue disease (MCTD). Such sera have been used to isolate 
cDNAs coding for snRNP proteins. Thus far, the deduced amino acid sequences of the 
common snRNP proteins D, (Rokeach et al. 1988), E (Stanford et al. 1988a; Stanford 
et al. 1988b) and В/В' (Rokeach et al. 1989; Ohosone et al. 1989; van Dam et al. 
1989) as well as of the U1- and U2-specific proteins, U1-70K (Theissen et al. 1986; 
Spritz et al. 1987; Query et al. 1987), U1A (Sillekens et al. 1987), U1C (Yamamoto et 
al. 1988; Sillekens et al. 1988), U2A' (Sillekens et al. 1989) and U2B" (Habets et al. 
1987) have been published. 
IV Assembly and transport of snRNPs. 
The U 1 , U2, U4 and U5 snRNAs are transcribed by RNA polymerase II and, like all 
Pol II transcripts, acquire an inverted monomethyl guanosine cap (m7G(5')ppp(5')N) co-
transcriptionally. The newly synthesized U snRNAs are then exported to the cytoplasm 
where they assemble with Sm proteins into snRNPs. The recognition of the Sm site by 
Sm proteins has been suggested to require a preformed complex of the proteins D,E,F 
and G (Fisher et al. 1985 and Andersen et al. 1990). Of these proteins the G protein 
may be involved in the direct interaction of the Sm site (Heinrichs er al. 1992). 
In the cytoplasm the U snRNAs are hypermethylated at the guanosine cap, 
processed at their 3' ends and possibly modified at some of their internal nucleotides. 
The modification of the cap occurs only when the Sm binding site is intact, indicating 
that the binding of the common proteins to the U snRNA is necessary for 
hypermethylation (Mattai and De Robertis 1985; Mattaj 1986) . Studies on U1 and U2 
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snRNA transport in Xenopus laevis oocytes revealed that migration back to the nucleus 
is dependent on the presence of both the hypermethylated cap and the common snRNP 
proteins bound to the U snRNA (Fischer et al. 1990; Hamm et al. 1990b). It is not yet 
known at which location in the cell the U1 and U2 specific proteins become associated 
with their cognate RNA. It has been shown that the U1A protein can be transported to 
the nucleus independently of U1 snRNA (Feeney et al. 1990; Kambach et al. 1992h 
However, in the unbound state the protein does not remain in the nucleus, but appears 
to shuttle between nucleus and cytoplasm (Kambach et al. 1992). 
The production of the various U snRNP components must somehow be controlled in 
order to obtain efficient and balanced formation of the particles. An example of such a 
regulatory mechanism appears to be the autoregulation of the U1A protein described in 
chapter 8. 
V Function of the spJiceosomal snRNPs. 
Almost all pre-mRNAs contain protein coding sequences (exons) which are 
interrupted by non-coding sequences (introns). The introns have to be removed 
accurately in order to obtain translatable mRNAs. An intron is functionally defined by 
the 5' and 3' splice sites located at the boundaries of the intron and the branch point 
with neighbouring polypyrimidine track located directly upstream of the 3' splice site 
(Fig. 2). The removal of an intron from a pre-mRNA proceeds by a two-step 
mechanism. The first step includes cleavage at the 5' splice site and the formation of a 
2'-5' phosphodiester bond between the 5'-terminal G residue of the intron and the A 
residue of the branch point, resulting in a lariat-like structure. The second step involves 
cleavage at the 3' splice site, subsequent ligation of the two exons, and release of the 
excised intron as a lariat (Fig. 2). 
With the help of an in vitro splicing system in which truncated pre-mRNA transcripts 
containing one intron and two flanking exons are correctly spliced, it was found that 
splicing takes place in a multicomponent complex, the spliceosome, which is formed by 
the pre-mRNA and a large number of splicing factors. Among the factors essential for 
splicing are the U1, U2, U4/U6 and U5 snRNPs. The U1 snRNP binds to the 5' splice 
site in an ATP-independent manner. For this interaction the 5' end of U1 snRNA, which 
is complementary to the sequence at the 5' splice site, is essential (Mount et al. 1983; 
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Zhuang et al. 1986). The U2 snRNP binds to the branch point in an ATP dependent 
manner. For this interaction it requires at least one protein, the U2 auxiliary factor 
(U2AF) (Ruskin et al. 1988), and possibly several others (Krämer 1988). In addition to 
protein-RNA interactions, U2 snRNA-pre-mRNA interaction also contributes to branch 
point selection (Nelson eta/. 1989; Wu et al. 1989; Zhuang et al. 1989a; Zhuang et al. 
1989b). After the binding of U1 and U2 snRNPs to the intron, U4/U6 and U5 snRNPs, 
most likely in the form of a 25S U4/U5/U6 tri-snRNP complex, join the spliceosome. 
The U4/U5/U6 tri-snRNP appears to interact primarily with the pre-mRNA-bound U1 and 
U2 snRNPs (Bindereif et al. 1987) rather than with the pre-mRNA sequence itself. 
When the splicing reaction is completed, the spliceosomal components disassemble to 
recycle for the next round of splicing. 
/ -
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Fig. 2. Cartoon model of the sequential integration of snRNPs into the spliceosome in which pre-mRNA 
splicing takes place. The axons of the pre-mRNA are drawn as boxes and the intron as a line. The 5' and 3' 
splice site are indicated by the intron nucleotides GU and AG, respectively. The branch point (B.P.) and 
polypyrimidine stretch (Py) are indicated. The U2 snRNP auxiliary factor (U2AF) and additional splicing factors 
are omitted from the drawing for the sake of simplicity. The question mark in the rectangular box indicates 
that the U1 snRNP may be connected with the branch point as well (taken from Lührmann ef al. 1990, with 
permission). 
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VI Function of the snRNP specific proteins. 
With the help of an in vitro protein-RNA binding assay it has been found that the 
first hairpin of the U1 snRNA is able to bind the U1-70K protein (Query et al. 1989) and 
that the second hairpin binds the U1A protein (Scherly et al. 1989; Lutz-Freyermuth 
and Ке пе 1990). The U2 snRNA hairpin IV is essential for the binding of the U2B" and 
U2A' protein (Scherly et al. 1990). 
The requirement of these protein-binding sites for the function of the particle in 
splicing has been analysed in studies employing oocytes from Xenopus laevis. The 
endogenous U1 snRNP can be inactivated in Xenopus oocytes by microinjection of an 
oligodeoxyribonucleotide complementary to accessible regions of the U1 snRNA. This 
results in the complete inhibition of splicing activity. During subsequent incubation the 
oligodeoxyribonucleotide is degraded and the splicing activity (measured with the help 
of a co-injected radio-labelled pre-mRNA) can then be restored by co-injection of a gene 
encoding wild type U1 snRNA. Transcripts from the gene were shown to complement 
the defect in splicing by assembling into functionally active U snRNPs. Using this 
assay, it was found that mutants of U1 snRNA, not able to support stable binding of 
U1-70K, U1A or U 1С, are unable to restore splicing activity in the oocyte suggesting 
that the U1 snRNP specific proteins are involved in the splicing process (Hamm et al. 
1990a). With a similar splicing complementation assay, using U2 snRNA mutants not 
able to bind the U2B" and U2A' proteins, splicing activity was still detectable, 
suggesting that the U2B" and the U2A' are not absolutely required for splicing (Hamm 
et al. 1989). 
With the help of in vitro studies, indications about the function of U1C and U1-70K 
protein could be obtained as well. The U1C protein appears to be required for efficient 
U1 snRNP/ 5' splice site complex formation. A complete U1 snRNP particle is able to 
bind the 5' splice site of a pre-mRNA but when the particle is depleted of the U1C 
protein the binding activity for the 5' splice site decreased considerably. The binding 
activity could then be restored by complementation with purified U1C protein (Heinrichs 
et al. 1990). 
In cells of higher organisms, the U1-70K protein is a strongly phosphorylated protein 
(Woppmann et al. 1990). Purified U1 snRNPs are accompanied by a kinase activity 
which is able to phosphorylate the U1-70K protein in vitro. Phosphorylation of the U1-
70K protein on U1 snRNP can be performed in vitro either with ATP, yielding a normal 
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phosphorylated product, or with ATP-F-S, yielding a thiophosphorylated product. When 
HeLa nuclear splicing extracts that had been depleted of their endogenous U1 snRNP 
were complemented with phosphorylated U1 snRNPs, splicing activity of the extract 
was fully restored. If, however, thiophosphorylated U1 snRNPs were used the splicing 
reaction remained completely inhibited. These results indicate that the state of 
phosphorylation of the U1-70K protein is critical for its participation in the splicing 
reaction (Mermoud et al 1992, Tazi et al. in press) 
VII Some snRNP proteins contain a conserved motif specific for RNA binding 
proteins 
Three U1 and U2 RNA associated proteins, namely 'J1-70K, U1A and U2B" share a 
common motif of about 80 amino acids in length referred to as RNP-80 motif (Scherly 
et al. 1989), RNA binding domain (Dreyfuss et al. 1988b) or RNA recognition motif 
(Query et al. 1989). The consensus amino acid sequence of this RNP-80 motif is given 
in Fig. 3. It invariably contains a highly conserved amino acid octamer [Lys/Arg Gly 
Phe/Tyr Gly/Ala Phe Val/Ile X Phe/Tyr], denoted RNP1 or RNP consensus sequence, and 
a less conserved sequence referred to as RNP2. 
Regions similar to the RNP-80 motif have been found in a number of proteins from 
organisms as diverse as bacteria, yeast, plants and mammals (Kenan et al. 1991). 
Quite often more than one copy of the RNP-80 motif is present. This, however, does 
not necessarily mean that they all are involved in interaction with RNA. 
The structure of the RNA binding domain of the U1A protein, containing a complete 
copy of the RNP-80 motif, has been solved by crystallographic and NMR analysis 
(Nagai et al. 1990; Hofmann et al. 1991). It consists of a four stranded anti-parallel ß 
sheet, flanked on one side by two α helices. The two conserved elements, RNP1 and 
RNP2, lie side by side in the central two ß strands. Mutational analysis of the U1A 
protein suggests that the amino acids of RNP1 and RNP2 are involved in critical 
contacts with the U1 RNA (Jessen et al. 1991). How the RNA binding domain of the 
U1A protein is able to bind RNA is not known yet. Such a detailed interaction between 
the U1A protein and U1 RNA remains to be determined by X-ray analysis of a 
crystalline RNP complex. 
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Fig. Э. Amino acid consensúe sequence of the RNP-80 motif. The poorly or non-conserved residues are 
designated χ and the amino acids predicted to be hydrophobic are designated 0 . The most conserved 
regions, designated RNP1 and RNP2, are indicated (Kenan et el. 1991) 
VIII Outline of this thesis. 
In the sera of some patients with an autoimmune disease autoantibodies have 
been found which recognize a series of U snRNP proteins. With the help of these 
autoantibodies the cDNAs of the U1 and U2 snRNP specific proteins could be cloned 
and expressed in vitro. 
The aim of the study reported in this thesis was to investigate RNA-protein 
interactions between the U1 and U2 snRNP specific proteins U1A, U2B" and U2A' and 
their cognate RNAs. For this purpose, an in vitro RNA-protein binding assay was 
developed. By using mutant versions of the homologous U1A and U2B" proteins (Fig. 
4) the minimal segment of the proteins required for RNA binding was identified (chapter 
2 and 3). The extensive sequence similarity between the two proteins raised the 
possibility that the protein determinants responsible to distinguish between U1 and U2 
RNAs might be relatively simple. This question was then approached and answered by 
employing chimaeric U1A-U2B" proteins (chapter 3). The question whether the U1A 
and U2B" protein binding sites on the cognate RNAs are homologous was answered by 
localizing the precise protein binding sites. Furthermore, the nucleotides important to 
discriminate between U1A and U2B" protein were determined by using mutants in 
which the U1A protein binding site was transformed in a stepwise fashion into a U2B" 
protein binding site and vice versa (chapter 3). 
To gather more knowledge about the function of the RNP-80 motif, present in 
the U1A protein and many other RNA binding proteins, the interaction between the 
U1A protein and the U1 RNA was studied in more detail. This was done by studying 
the effect of point mutations, deletions and insertions in the N-terminal RNP-80 motif of 
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the U1A protein on the binding to U1 RNA (chapter 4). Furthermore, hybrids between 
the U1A and U2B" protein were used to identify regions of the U1A protein which are 
involved in the specific interaction with the U1 RNA (chapter 5). 
The U2B" protein, in spite of the sequence homology with the U1A protein, is 
not capable of interacting specifically with U2 RNA on its own. It needs the U2A' 
protein to do so. With an in vitro protein-protein binding assay the interaction between 
the U2B" and the U2A' protein has been analysed by using U2B" mutants (chapter 6) 
and U2A' mutants (chapter 7). 
Chapter 8 describes the finding of a conserved sequence in the 3' untranslated 
region (3' UTR) of the U1A mRNA containing two sites which resemble the U1A 
protein binding site on U1 RNA. RNA-protein binding studies showed that each of these 
sites were able to bind the U1A protein. In vitro and in vivo studies subsequently 
showed that binding of the U1A protein to the 3' UTR sequences inhibits the 
polyadenylation of the U1A pre-mRNA. In this way the U1A protein is able to regulate 
the production of its own mRNA. 
RHP2 RNP1 
10 20 30 40 50 60 70 80 90 100 
KAVPETRPNHTIYIIMLNEKIiaDELiaCSLYAIFSQFGQIIJnLVSRSUM^ 
HDIRPNHTIYINWNKIKKEELKRSLTALFSQFGHVVDIVALiniU^ 
10 20 30 40 50 60 70 80 90 
110 120 130 140 150 160 170 180 190 200 
VERDRKREKRKPKSOETPATKKAVQGGGATPWGAVOGPVPGMPPMTQAPRIHHHHPGOPPYMPPPGHIPPPGLAPGQIPPGAMPPQQLHPGQMPPAaPLS 
• V * · · • • • * 9 9 V • 
· * · · • · • · · · · • • 
ADKEKKKEKKKAKTVEOTATTTNKKPGOGTPNSANTOGNSTPNPOVP 
110 120 130 140 
RNP2 RNP1 
210 ' 220 230 240 250 260 270 280 
ENPPNHILFLTNLPEETNEU^SNLFINFPGFIŒVRLVPGItniAFVEFDNEVQAGAARDALOGFKITaMWKISFAiaC 
DYPPNYILFUWLPEETIIEI«LSM.FinFKFIŒVRLVPatmiAFVEFEII>GaAGAAROALaGFKITPSHAMKITYAKK 
150 160 170 180 190 200 210 220 
Fig. 4 . Comparison of deduced amino acid sequences of proteine U 1 A (upper line) and U2B" (bottom line). 
Common residues are marked by colons. The sequences containing a copy of the RNP-80 motif are given in 
bold capitals. 
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The interaction between the Ul snRNP-specific Ul A 
protein and Ul snRNA has been analysed. The binding 
site for the protein on the RNA is shown to be in hairpin 
II, which extends from positions 48 to 91 in the RNA. 
Within this hairpin the evolutionarily conserved loop 
sequence is crucial for interaction with Ul A protein. Ul 
A protein can also bind the loop sequence when it is part 
of an artificial RNA which cannot form a stable hairpin 
structure. The region of the protein required to bind to 
Ul snRNA consists of a conserved 80 amino acid motif, 
previously identified in many ribonucleoprotein (RNP) 
proteins, together with (maximally) 11 N-terminal and 
10 C-terminal flanking amino acids. Point mutations 
introduced into two of the most highly conserved regions 
of this motif abolish RNA binding. Ul snRNA mutants 
from which the Ul A binding site has been deleted are 
shown to be capable of assembly into RNP particles which 
are immunoprecipitable by patient antisera which 
recognize Ul A protein. The role of RNA—protein and 
protein-protein interactions in U snRNP assembly are 
discussed. 
Key words: small nuclear ribonucleoproteins/RNA-protein 
binding/Ul snRNA/Ul A protein 
Introduction 
The binding sites for proteins on RNA represent an extreme 
variety of structures. They range from the complex, e.g. 
the double pseudoknot structure recently identified as the 
binding site of Escherichia coli ribosomal protein S4 on its 
cognate mRNA (Tang and Draper, 1989), to the simple, e.g. 
the poly(A) tail on mRNAs recognized by poly(A) binding 
protein (Blobel, 1973). Between these two extremes lie 
binding sites composed of a single hairpin structure, e.g. 
the binding site for R17 phage coat protein (Krug et al, 
1982). Hairpin loops, of course, also come in many different 
forms. The size of the loop as well as its sequence can vary. 
The stem can be perfectly base-paired or have bulges and 
interruptions which can potentially give rise to kinks, bends 
or twists. It might, therefore, not have been surprising to 
find that proteins which bind to RNA were quite different 
from one another, each having solved the problem of specific 
interaction in a unique way. 
Recently, however, it has been recognized that several 
RNP proteins share a common sequence motif (for recent 
reviews see Bandziulis et al., 1989 and Mattaj, 1989), which 
has been called the putative RNA binding domain (Dreyfuss 
et al., 1988) or the RNA recognition motif (Query et al., 
1989). Adam et al. (1986) first noted that a stretch of eight 
amino acids was highly conserved between poly(A) binding 
protein and the hnRNP Al protein. This they called the 
ribonucleoprotein consensus sequence (RNP-CS). By 
comparison of these two proteins with the Ul 70K protein 
Theissen et al. (1986) were able to show that the unit of 
conservation was 70-80 amino acids long, with the RNP-
CS region being the most highly conserved portion. The 
elucidation of many more RNP protein sequences has 
confirmed these observations, although there is not as yet 
complete agreement on the best alignment of the sequence 
motifs from different RNP proteins (for recent listings see 
Bandziulis et al., 1989; Query et al., 1989). 
The conserved motif can occur once or several times in 
a particular protein. Interestingly, the motif is found both 
in proteins which recognize simple sequence polymers and 
in those which recognize sequences within hairpin loop 
structures, e.g. poly(A) binding protein and Ul 70K protein. 
The minimal segments of these two proteins required for 
specific RNA recognition have been analysed. Query et al., 
(1989) showed that a 125 amino acid region of Ul 70K 
retained full binding activity while a 111 amino acid 
fragment, including the single copy of the conserved motif 
found in this protein, was the minimal fragment tested which 
still showed specific binding to Ul RNA. Thus the conserved 
motif with —20-30 additional amino acids showed specific 
binding and 14 amino acids more were required to restore 
binding to the level seen with the whole protein. The poly(A) 
binding protein contains four copies of the conserved motif, 
one of which (together with flanking regions) is sufficient 
to bind to poly(A) in vitro (Sachs et al., 1987). Interestingly, 
a shorter fragment of this protein containing less than a 
complete copy of the motif and from which the RNP-CS 
sequence had been deleted was able to support growth in 
a yeast strain from which the poly(A) binding protein gene 
had been deleted (Sachs et al., 1987). Although the binding 
of this fragment to poly(A) was not directly tested this 
suggested the possibility that, in this case, the entire motif 
might not be required for RNA binding. These results leave 
open the question of whether the same protein elements are 
required for binding both simple and complex RNA 
structures. 
In this paper we have analysed the interaction between 
the human Ul A protein and Ul snRNA. The Ul A protein 
contains two copies of the conserved 70—80 amino acid 
motif, one N-terminal and one C-terminal (Sillekens et al., 
1987). The eight amino acid RNP-CS is only conserved in 
the N-terminal motif. By a combination of truncation and 
point mutation experiments we show that the sequences 
required for specific binding of A protein to Ul correspond 
closely to the amino terminal copy of the conserved motif. 
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Flg. 1. The binding site for Ш A on Ш snRNA. (A) 3SS-labelled Ul A protein translated in wheat germ extract was incubated with in vitro 
transcribed RNA containing biotin-substitutcd U residues. Protein-RNA complexes were precipitated with streptavidin— agarose beads. Protein was 
released by boiling in SDS-PAGE sample buffer and analysed by SDS-PAGE. The RNA substrate used in each lane is indicated, together with a 
diagram of its likely secondary structure. The mutants have been described previously (Hamm, et al., 1987). Lane A prot contains 20% of the 
quantity of translation mix used for one binding assay. (B) 35S-labelled Ul A binding to wt and mutant Ul RNAs from Xenopus, bean and soybean. 
The sequence of hairpin II from the various RNAs is shown in (D). The variable non-specific background seen with negative controls (U2, ΔΒ) is 
discussed in the text. (C) Binding of artificial RNAs containing the Ul hairpin Π sequence in RNAs capable S + (Stem+/loop II, D) or incapable 
S - (Stem-/loop Π, D) of forming a stable hairpin structure. S+i RNA contains the inverted complement of the loop sequence in S+ 
(GGAGUGCAAU). (D) The sequences of hairpin Π from wt Xenopus and bean Ul and of artificial RNAs containing the hairpin II loop sequence 
are shown. The position and sequence change in the Xenopus Ul GCA mutation is indicated. The differences between soybean and bean hairpin Π 
are also illustrated. The soybean-specific differences are shown surrounding the bean sequence. The sequences of the Stem+/loop II and Stem-/loop 
Π transcripts are shown. The most stable structure which Stem-/loop Q can form has a predicted free energy of -2.6 kcal/mol. 
We further show that the binding site of A protein on Ul 
RNA is hairpin II, and that nucleotide positions within the 
loop of this hairpin which have been conserved in evolution 
are not only important but sufficient for recognition of the 
RNA by Ul A protein. 
Hairpin Π has previously been shown not to be required 
for the assembly of Xenopus A protein into anti-Ul snRNPs 
in Xenopus egg extracts (Hamm et al, 1987, 1988). We 
demonstrate that this is also the case for the human A protein 
in HeLa cell nuclear extracts although the requirements for 
A protein assembly into Ul snRNPs are shown to be 
different in the two types of extract. 
Results 
Binding of in vitro made A protein to Ul snRNA 
In order to determine the binding site for A protein on Ul 
two assays were used. In the first 35S-labeÜed A protein 
(Sillekens et al., 1987) made in wheat germ extract was 
incubated with wild-type and mutant Xenopus Ul snRNA 
transcripts (Hamm et al., 1987, 1988) into which 
biotinylated UTP had been incorporated. RNA-bound pro-
tein was detected after precipitation of the RNA substrates 
with streptavidin linked to agarose beads. The specificity of 
this assay was demonstrated by comparison of the binding 
of A protein to Ul and U2 RNAs (Figure 1A, lanes wt and 
U2 wt). A small amount of non-specific binding to negative 
control RNA, e.g. in the U2 RNA lane, is sometimes seen. 
This is partly due to variable, non-specific, sticking of the 
A protein to the streptavidin agarose beads and partly to non-
specific RNA binding (data not shown). In any case the 
specific Ul signal is clearly detectable. Next, a series of Ul 
mutants were used to determine which parts of Ul were 
required for binding. The first and third hairpin loops, the 
Sm binding site, and the fourth hairpin loop, removed or 
altered in mutants Δ A and ΔΟ-ΔΕ respectively, were 
shown not to be required for A protein binding, while 
removal of the second hairpin loop in ΔΒ reduced binding 
to background levels (Figure 1A). Protein-protein inter­
actions between the common U snRNP proteins and the Ul 
specific proteins are known to be important in Ul snRNP 
assembly (Hamm et al., 1987). Only a very small fraction 
of the Ul substrates added detectably associate with Ul 
snRNP proteins in control wheat germ extracts (data not 
shown), indicating that endogenous snRNP proteins were 
at very low abundance. Nevertheless, we wished to eliminate 
the possibility that the binding of Ul A which was detected 
required the concommitant binding of the common U snRNP 
proteins to the U1 substrates. This was done by assaying 
the ΔΑ, ΔΒ and ΔΕ mutations in substrates in which the 
Sm binding site had been mutated (Figure 1A, lanes ΔΑΟ, 
ΔΒϋ and ΔΕΟ). Only the mutation in ΔΒ resulted in the 
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Fig. 2. Competition binding assays. 32P-labelled wtUl RNA was 
incubated with control wheat germ extract (lane 1) or wheat germ 
extract programmed with Ul A mRNA (lane 2) in the presence of an 
excess of tRNA competitor. After incubation the mixtures were treated 
with Tl ribonuclease and analysed on a native Polyacrylamide-agarose 
composite gel. A specific UI RNA-U1 A protein complex is seen 
(arrowhead). The lower bands contain Tl digestion products. Cold 
competitor RNAs were added at increasing ratios as indicated. 
loss of A protein binding, localizing sequences necessary 
for the binding of A protein to hairpin II. The lack of any 
requirement for the fourth hairpin structure was further 
demonstrated by carrying out assays with truncated RNAs 
from which the Sm binding site and the fourth hairpin had 
been removed (data not shown). 
The method used thus far to assess protein—RNA binding 
was carried out in the presence of a large excess of RNA 
substrate. This might mask the alteration of affinity of A 
protein for substrates to which binding was reduced but not 
abolished. In vitro Ul snRNP assembly experiments (Hamm 
et ai, 1987, 1988, see below) had led us to expect that 
hairpin I might be involved in A protein binding. We 
therefore used a different type of binding assay which might 
have enabled the detection of lower affinity interactions 
between A protein and ΔΒ. In this assay A protein was made 
in wheat germ extract in the absence of radioactively labelled 
amino acids. The translation mix was incubated with 3 2P-
radiolabelled Ul wt RNA. After binding, the RNA-protein 
complex was treated with ribonuclease Tl and resolved on 
a native Polyacrylamide —agarose composite gel. 
Comparison of control wheat germ extract with the A protein 
translation mix showed the presence of a specific complex, 
marked with an arrowhead in Figure 2 (lanes 1 and 2). (Note 
that both the RNA-protein binding assays used in this paper 
are carried out in the presence of a large excess of non­
specific tRNA competitor.) The relative affinities of four 
substrates were tested in competition experiments. The 
radiolabelled wt Ul was mixed with cold competitor RNA 
in various ratios and the effect on complex formation 
assayed. ΔΒ behaved like the non-specific U2 control (Figure 
2, lanes 6-8 and 12-14) showing only very slight 
competition even at the highest ratio of unlabelled competitor 
tested. ΔΑ, on the other hand, behaved like wt Ul (Figure 
2, lanes 3—5 and 9—11). This suggests that Δ A retains all 
the sequence information required for interaction with A 
protein and that this information is probably entirely absent 
from ΔΒ. The results obtained with the streptavidin—biotin 
assay are thus fully confirmed. 
Importance of the hairpin II loop sequence for Ul A 
binding 
In order to test what features of hairpin II were required 
for A protein binding a series of assays were performed using 
substrates with altered hairpin II sequences. The sequence 
of wt Ul hairpin II is shown on the left of Figure ID. 
Alteration of the GCA sequence to CAU resulted in a drop 
in the binding of A protein to background levels (Figure IB, 
lower panel). This demonstrates the importance of the 
(evolutionarily conserved) GCA sequence in A binding. Next 
we tested the binding of bean and soybean Ul RNAs (van 
Santen and Spritz, 1987; van Santen et αϊ, 1988) to A 
protein. These RNAs are similar to Xenopus or human Ul 
RNAs in the hairpin II loop sequences. In bean, the only 
difference is а С to A transversion at the З'-most position. 
In soybean the two 3' С residues are altered to G and A 
respectively (Figure ID). The stems of the Ul RNAs are 
much more diverged. While the Xenopus and human hair­
pins differ in one base pair (the third base pair from the loop) 
only two base pairs and the position, but not the sequence, 
of the unpaired nucleotides 6 base pairs away from the loop 
are conserved in the plant RNAs (Figure ID). Both bean 
and soybean Ul binding to the human A protein (Figure IB, 
left panel) showing that neither of the final two С residues 
in the loop nor most of the stem sequence are essential for 
binding. 
In order to further characterize the regions of hairpin II 
essential for Ul A interaction, we made three artifical RNA 
binding substrates. The first had the same loop sequence as 
hairpin II but a stem which had no primary sequence identity 
to that in Ul. In addition the stem had the potential to form 
12 perfect base pairs without interruptions (Stem +/loop II, 
Figure ID). The second had the same loop sequence but non-
complementary stems (Stem—/loop П, Figure ID). The most 
stable predicted structure for this RNA had a free energy 
of only —2.6 kcal/mol. This structure is therefore unlikely 
to be stable under the conditions of the binding assay. If it 
did form, the GGA sequence at the 5' end of the loop would 
pair with the loop internal UCC bases. Thus the loop struc­
ture would be severely altered. Surprisingly, both these 
RNAs bound Ul A similarly in the streptavidin—biotin 
precipitation assay (Figure 1С, lanes S+ and S —). A third 
artificial RNA (lane S + i) which had the potential to form 
a stem enclosing a loop whose sequence was the inverted 
complement of that in hairpin Π did not bind Ul A above 
the level of the U2 and U6 negative controls. Thus, suffi­
cient information for Ul A binding is included in the loop 
sequence of Ul hairpin Π, even if this sequence is not con­
strained by a stable stem. More experiments will be required 
to determine the quantitative effects on Ul A binding of the 
mutations made in the hairpin II sequence. 
The region of A protein required for binding to U1 
RNA 
Having established which part of the Ul was recognized by 
A protein we next wished to define the region of A protein 
required for this binding. To this end we made a series of 
mutations in the cDNA of the A protein. Clustered point 
mutations were introduced at regular intervals throughout 
the N-terminal two-thirds of the coding sequence as 
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Fig. 3. Binding of mutant Ul A proteins to Ul snRNA. (A) Diagrammatic representation of Ul A protein structure. The light shaded areas 
correspond to the two copies of a gene-internal repeated sequence (Sillekens et al., 1987), the dark shaded area to the RNP-CS. Arrows show the 
position of site directed mutations used in the production of truncated Ul A proteins and flagged arrows site directed mutations which were tested in 
the context of the whole protein. (B) Truncated versions of the Ul A protein were tested for binding to wt Ul and Ul ΔΒ RNAs as described in 
Figure 1A. The proteins were truncated at amino acid positions 79, 91, 101, 117 and 202. The positions of the mutant proteins are indicated by the 
bracket and the major truncated products with white spots, wt Ul A, included as an internal control is marked with an arrowhead. Ρ lanes show the 
amount of total protein included per assay. (C) The binding of wt Ul A protein, mutant 3, in which residues 12 and 13 have been mutated to Gly-
Ser, and mutant 8, in which RNP-CS residues 52 and 53 have been mutated to Gly-Ser, to wt Ul and υΐΔΒ RNAs was analysed as described in 
the legend to Figure 1A. The total amount of protein included in the binding assay is shown in the Ρ lane. 
diagrammed in Figure ЗА. These resulted in the alteration 
of two amino acids in each mutant to Gly-Ser in the protein 
sequence and the creation of а ВатШ restriction site in the 
DNA sequence. After ВатШ digestion these templates were 
transcribed by T7 RNA polymerase and translated into 
truncated versions of the A protein in vitro. Their binding 
to wt Ul and UlAB was then tested using the 
streptavidin—biotin mediated precipitation assay described 
above. The full length A protein was included in the assays 
as an internal control. 
The A protein is 282 amino acids long. Two copies of 
a motif found in various RNP proteins are found at positions 
12—90 and 211 —283 in Ul A (the shaded areas in Figure 
ЗА). Truncation at position 202, 117 or 101 still allowed 
specific binding to a Ul (Figure 3B, the wt protein is marked 
with an arrow, the major truncation products with white 
spots). Further truncation to position 91 resulted in the loss 
of binding (Figure 3B, mutant 12). This corresponds to the 
C-terminal end of the N-terminal copy of the conserved 
motif. The N-terminal end of the conserved region is at 
position 12. A double amino acid substitution at positions 
12 and 13 (Ile-Туг — Gly-Ser) resulted in the loss of 
detectable RNA binding (Figure 3C, cf. lanes 1-3 and 
4—6). This result indicates that the N-terminal end of the 
region conserved between A and other RNP proteins is 
required for binding to Ul snRNA. Alteration of the two 
preceeding amino acids to Gly-Ser had no detectable effect 
on RNA binding (data not shown). Short deletions in the 
N-terminal region, e.g. between amino acids 2 and 13, also 
resulted in the loss of binding (data not shown). Within the 
conserved domain the two amino acids altered in mutant 3 
are part of a region which has been called RNP2 by 
Bandziulis et al. (1989) and is part of domain I of Query 
et al. (1989). The region of highest conservation within the 
70 — 80 amino acid motif is the eight amino acid RNP-CS. 
To determine the importance of the RNP-CS for RNA bind­
ing in Ul A we introduced a two amino acid change at 
positions 52 and 53 (Arg-Gly to Gly-Ser). This mutant has 
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Fig. 4. In vitro assembly of U1 snRNPs in HeLa and Xenopus 
extracts. In vitro assembly reactions with wt and mutant Ul substrates 
were carried out as described previously (Hamm et ai. 1987). The 
total RNA per incubation and the RNA immunoprecipitated by an anti-
Ul A antiserum after assembly in Xenopus egg and HeLa nuclear 
extract is shown. This figure is derived from a single autoradiographic 
exposure. 
also lost detectable RNA binding (Figure 3C, lanes 7—9). 
Note that both of the double point mutants have lost not only 
specific (Ul wt) but also non-specific (ШДВ) RNA binding 
capacity. Thus, the RNA binding segment of the A protein 
corresponds closely, but not exactly, to the conserved RNP 
motif. A maximum of 10 amino acids on the C-terminal side 
of the motif and 11 amino acids on the N-terminal side are 
required for specific binding. Within the motif double point 
mutations both at the N-terminal end and in the RNP-CS 
abolish RNA binding. 
Comparison of the assembly of U1 A into U1 snRNPs 
in HeLa cell and Xenopus egg extracts 
Previously, we have shown that in order to assemble Ul 
snRNPs which are immunoprecipitable by anti-Ul A 
antibodies in Xenopus egg extracts hairpin I rather than 
hairpin Π is required (Hamm et αϊ, 1987, 1988). This result 
appears contradictory to the results above which define the 
RNA binding site for Ul A to be hairpin II. In order to 
attempt to resolve this question we have reinvestigated the 
requirements for A assembly into Ul snRNPs in Xenopus 
egg extracts and compared the requirements in HeLa cell 
nuclear extracts, since the Ul A clone investigated here is 
a human cDNA. Assembly experiments were carried out 
with wt Ul and the three deletion mutants ΔΑ, ΔΒ andAC 
(see Figure 1A). Assembly of these RNAs with the A protein 
was assayed by immunoprecipitating, at 500 mM NaCl, the 
resultant snRNPs with an antiserum which recognizes Ul 
A. This patient antiserum (Schleumuss) is specific for Ul 
and U2 and, on Western blots of HeLa cell nuclear extracts 
or HeLa snRNP proteins, the only U1 snRNP protein which 
it recognizes is A (R.Liihrmann, personal communication). 
The antiserum has previously been shown to behave 
differently from either anti-Ul 70K or anti-Ul С specific 
antisera in the immunoprecipitation of mutant Ul snRNPs 
(Hamm et al., 1987. 1988) and it does not precipitate in vitro 
translation products of the Xenopus Ul 70K or Ul С proteins 
(data not shown). There is therefore good reason to believe 
that the antiserum does not contain contaminating anti-Ul 
70K. anti-Ul С or anti-RNA activity, and that the only Ul 
snRNP protein which it recognizes is Ul A. 
The in vitro assembly experiments were carried out in 
conditions in which a similar proportion of the wt Ul RNA 
assembled into particles immunoprecipitable by anti-Ul A 
in the two extracts (Figure 4, cf. lanes 1, 5 and 9; the figure 
has been made from a single autoradiographic exposure so 
that both efficiency and specificity of assembly can be 
directly assessed). In Xenopus egg extracts we observe the 
same requirements for assembly as those previously 
reported. In order to assemble into an RNP resistant to the 
500 mM NaCl washes used in the analysis with the anti-U 1 
A antibody, Ul A requires hairpin I but not hairpins II or 
UJ of Ul snRNA (Figure 4, lanes 5-8). In contrast, in HeLa 
cell extracts, assembly is seen with all three mutants (Figure 
4, lanes 9—12). Autoimmune patient antisera often contain 
complex mixtures of antibodies recognizing different snRNP 
proteins, or different epitopes on the same protein. It was 
therefore necessary to show that the pattern of immuno­
precipitation of the mutant RNAs was not antiserum specific. 
The results in Figure 4 are identical to those obtained 
previously using a different antiserum (P21) which 
recognizes Ul A but not Ul 70K or Ul С (Hamm et al., 
1987). In addition two other antisera, 019 (Patton étal., 
1989) and B25, which both also recognize U1 A but not Ul 
70K or Ul C, have been tested with identical results (data 
not shown). Thus, the immunoprecipitation pattern cannot 
be explained by a contaminating activity fortuitously present 
in a particular antiserum, but is due to a general property 
of all the anti-Ul A antisera tested. Antibodies which 
recognize Ul 70K or Ul С precipitate all the mutants except 
Δ A after assembly in both extracts (Hamm et al., 1987, 
1988; and our data not shown). Hairpin I is therefore 
required for assembly with these two proteins in both ex­
tracts. 
This allows two important conclusions to be drawn. First, 
in order to be immunoprecipitated by anti-Ul A antisera, 
a Ul RNP does not require the RNA binding site for the 
A protein as defined above. This is true for both Xenopus 
and HeLa extracts and presumably indicates that A protein 
can associate with the RNP by protein—protein interactions. 
Second, the requirements for assembly of Ul A are different 
in HeLa and Xenopus egg extracts since ΔΑ is associated 
with Ul A in HeLa extracts (lane 10) but not in Xenopus 
egg extracts (lane 6 and Hamm et ai, 1987, 1988). This 
indicates that RNA—protein interactions with hairpin Π alone 
are insufficient to stabilize the interaction of Ul A protein 
with the Δ A mutant in Xenopus egg extract, and is discussed 
more extensively below. 
Discussion 
The interaction between Xenopus Ul snRNA and the human 
U1-specific A protein has been analysed. The binding site 
on the RNA for the protein has been defined as has the region 
of the protein required for RNA binding. Hairpin II, the 
binding site of Ul A protein, differs between Xenopus and 
human Ul snRNAs in a single base pair in the stem. 
Extensive differences in stem composition had no detectable 
effect on Ul A binding. Immunoprecipitation of Ul snRNPs 
with anti-U 1 A antibodies has been shown not to be depen­
dent on the presence of the RNA binding site for Ul A, and 
the U1 snRNP assembly process has been shown to be dif­
ferent in HeLa cell and Xenopus egg extracts. 
The RNA binding site for Ul A protein 
Ul A has been shown to require hairpin II of Ul snRNA 
for binding, and the apparent lack of effect of other Ul RNA 
sequences on the interaction has been demonstrated by 
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competition studies. While this paper was in preparation 
several others appeared in which a similar conclusion about 
the binding site of Ul A was reached (Bach et al, 1989; 
Lutz-Freyermuth and Keene, 1989; Patton et al, 1989; 
Surowy étal., 1989). Analysis of Ul A binding to Ul 
snRNAs from plants (bean and soybean) or to mutant U1 
substrates and artificial RNAs containing the sequences from 
the loop of Ul hairpin Π suggests that the sequence crucial 
for Ul A binding is in the loop of hairpin Π. The sequence 
and structure of the stem can be altered without abolishing 
binding to the extent that an artificial RNA incapable of 
forming any stable secondary structure retains the ability to 
bind Ul A protein. This is an unusual and unexpected result. 
It must be noted, however, that our assay methods are not 
designed to detect quantitative changes in binding affinity, 
and we are currently attempting to establish assays capable 
of doing this in order to analyse the interaction of Ul A with 
the various RNAs in more detail. Three hypotheses to explain 
the results obtained might be considered. In the first the Ul 
A protein recognizes solely the loop sequences of hairpin 
Π. The structure adopted by the loop is self-determined and 
is not strongly affected by the presence of a stem. In the 
second the Ul A protein recognizes the loop sequences in 
a particular conformation which is favoured by the con­
straints introduced by the presence of a stem but which can 
still form in the absence of a stem sufficiently frequently 
that no difference is observed in our assay. Alternatively, 
Ul A protein may induce a structure on the loop sequences 
by binding independent of the initial RNA conformation. 
These proposals are not entirely mutually exclusive and will 
be further tested if we are successful in establishing an assay 
to measure binding quantitatively. 
The loop sequences involved have been conserved in 
evolution from humans to the yeast Schizosaccharomyces 
pombe (Guthrie and Patterson, 1988) suggesting the 
possibility that the A protein may also have been conserved 
in these species. In fact, it has been demonstrated that antisera 
which precipitate vertebrate Ul snRNPs also recognize Ul 
snRNPs in the two fungal species S.pombe and Neurospora 
crassa (Tollervey and Mattaj, 1987) indicating that at least 
one Ul snRNP specific protein has been conserved in 
evolution. Interestingly, a secondary structure model for 
Saccharomyces cerevisiae Ul RNA derived from direct 
structural studies and phylogenetic comparison with Ul 
snRN As of two other closely related yeast species does not 
have a loop of sequence similar to that of hairpin Π (Kretzner 
et al, 1989). It will be interesting to see whether or not 
S.cerevisiae has a homologue of Ul A protein. 
The region of the A protein required for Ul binding 
The A protein sequence can be divided into three regions 
(Sillekens et al., 1987). The Ν- and C-terminal thirds are 
similar to one another (31 % amino acid identity) indicating 
that they arose by a gene internal duplication event. 
Separating these two regions is a stretch of unique sequence. 
Our data demonstrate that the sequences necessary for 
specific RNA binding reside in the N-terminal 101 amino 
acids. Within this region, between positions 12 and 90, Ul 
A exhibits similarity to many other RNP proteins (Dreyfuss 
et al, 1988; Bandziulis et al, 1989; Query et al, 1989). 
This region has been called either the 'RNA binding domain' 
or the 'RNA recognition motif. Both of these names suggest 
that this sequence alone carries all the information required 
for specific interaction with RNA. In each of the three best 
studied cases, poly(A) binding protein (Sachs et al, 1987), 
Ul 70K (Query et al, 1989) and Ul A (this paper) the 
region of the protein required for specific binding does not 
appear to correspond exactly with the conserved motif. Since 
the region on its own has been shown in these cases not to 
be an 'RNA binding domain' or an 'RNA recognition motif, 
we suggest a more neutral name, the RNP-80 motif. 80 
stands for the length of the entire motif ( -70-80 amino 
acids), and motif is preferred to domain in the absence or 
evidence that this region forms a discrete structural domain. 
It remains possible that the extra amino acids outside the 
motif necessary for the RNA binding of fragments of Ul 
A and Ul 70K are required solely to allow the mofif to fold 
properly as (part of) a domain, although there is no evidence 
that they do not have a more direct role in the interaction 
with RNA. 
Within the RNP-80 motif double point mutations at two 
positions, within the highly conserved, eight amino acid, 
RNP-CS (Adam et al, 1986; Dreyfuss et al, 1988) and at 
the N-terminus, in a region which has been called RNP-2 
(Bandziulis et al, 1989) or domain I (Query et al, 1989), 
abolish RNA binding. Both specific (Ul) and non-specific 
(U1AB) binding are lost in these mutants. Thus, these two 
regions of the motif play a crucial role in RNA binding. 
These results are in excellent agreement with those of Merrill 
et al (1988), who showed that two phenylalanine residues 
lying in the RNP-CS and RNP2 regions of the hnRNP Al 
protein were UV-crosslinked to single stranded DNA when 
this was used as a binding substrate. 
It is interesting that the C-terminal third of the Ul A 
protein is also similar to the RNP-80 motif (Sillekens et al, 
1987; Query et al, 1989). The lack of non-specific RNA 
binding exhibited by the point mutants (Figure 3C) indicate 
that this region is not capable of binding to RNA since it 
is intact in both of the double point mutants. The reason for 
the lack of binding is uncertain, but it is interesting to note 
that the RNP-CS is not well conserved within the C-terminal 
RNP-80 motif. The data obtained with the RNP-CS point 
mutant suggest that this may be the reason for the apparent 
lack of RNA binding of the C-terminal motif and might 
indicate that the C-terminal region of the protein has evolved 
to fulfill some other function, e.g. interaction with other Ul 
snRNP proteins or with other components of the splicing 
machinery. It has already been pointed out that, in the 
poly(A) binding protein, copies of the repeated motif in 
corresponding positions are more conserved between human 
and yeast than are different repeats within the individual 
proteins. This suggests that individual repeats of the motif 
may have different functions (Dreyfuss et al, 1988). 
U1 snRNP assembly 
Anti-Ul A specific antisera are capable of immuno-
precipitating Ul snRNPs assembled on mutant substrates 
from which the A binding site (hairpin II) on Ul RNA has 
been deleted. This is true both in Xenopus egg extracts 
(Hamm et al, 1987, 1988) and in HeLa nuclear extracts 
(this paper). In both extracts only hairpin I is required for 
assembly with Ul 70K and U I C . The most straightforward 
interpretation of these results is that Ul A can associate with 
the RNP by protein—protein interactions even in the absence 
of its RNA binding site. This has as a corollary that results 
of U snRNP assembly experiments using mutant snRNA 
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Substrates in complicated mixtures of proteins only give 
information on the regions of RNA essential for assembly 
with a particular protein and do not directly identify the 
structural basis of the interaction of the protein with other 
snRNP components. Expenments with pure U snRNP 
proteins, e.g those reported by Query et al. (1989) and here, 
will hopefully eventually lead to a detailed understanding 
of the process of snRNP assembly in vitro and in vivo. 
A further surprise of the in vitro assembly results was the 
different requirements exhibited by mutant Ul RNAs for 
assembly into anti-Ul A immunoprecipitable RNPs in 
Xenopus egg and HeLa cell nuclear extracts. This was 
unexpected since there are reasons to believe that Ul snRNP 
proteins are very similar in the two species. Xenopus ovary 
extracts contain a U snRNP protein related to Ul A in both 
size (Zeiler et al., 1983) and antigenic properties (Mattaj 
et ai, 1986). cDNA clones of two other Xenopus 
U1-specific proteins have been sequenced, and both Ul 70K 
(Etzerodt et ai, 1988) and Ul С (D.Scherly, unpublished 
data) show extensive similarity with their human counterparts 
(Theissen et al., 1986; Query and Keene, 1987; Spritz et al., 
1987; Sillekens étal., 1988; Yamamoto étal., 1988). 
Xenopus Ul A has, as yet, not been cloned and it will be 
of interest to determine whether this protein has diverged 
more extensively than the other two Ul-specific proteins. 
The different assembly results obtained with the two 
extracts are very likely to be a result of different protein 
compositions. The Ul A proteins themselves may be 
different due to the presence of species- or tissue-specific 
variants. A tissue-specific snRNP protein, N, has recently 
been described (McAllister et al., 1988). However, the 
differences observed need not be due to Ul A itself. If other 
proteins with which Ul A interacts are different in the two 
species, this might also affect the assembly process. It is even 
possible that a difference in the relative concentrations of 
the various Ul snRNP proteins might lead to such a result, 
particularly if the proteins interact with one another prior 
to assembly with the RNA. Different possible explanations 
of these results are currently the object of further investi-
gations. Clearly reconstitution with purified snRNP proteins 
or pure recombinant products is a desirable goal for these 
experiments. In any event the differences seen in the 
assembly experiments in the two species are unlikely to result 
in functionally different Ul snRNPs, since HeLa or Xenopus 
Ul RNA microinjected into Xenopus oocytes assemble into 
Ul snRNPs (De Robertis et al., 1982) which are functionally 
active (Pan and Prives, 1988). 
Materials and methods 
In vitro transcription 
To produce T7-U1 A mRNA for translation, 1 fig of linearized (НтдПГ) 
template (Sillekens et αϊ, 1987, recloned into the Bluescnbe vector) was 
incubated in a total volume of 10 μΙ containing 40 mM Tns-HCl pH 
8 0/8 mM MgCl2/2 mM spermidine/50 mM NaCl, 30 mM dithiothreitol 
(DTT)/0 4 mM ATP, UTP, CTP, GTP/10 U RNase inhibitor (RNasin 
Bcehnnger)/! 5 mM m7GpppG (0 25 U A250)/10 U T7 RNA polymerase 
(Stratagene). Afer incubation at 37°C for 30 min, the RNA was phenol 
extracted, purified over a G-50 spin column and precipitated with 3 vol 
ethanol/0 1 vol 3 M Na-acetate pH 5 2/35 μ% glycogen The RNA pellet 
was resuspended in 10 μΐ stenle water Approximately I μg RNA was 
synthesized by this method 
Biotinylated U snRNAs were prepared as above except that 40 μΜ 
Biotin-11-UTP (BRL) was added to the transcription reaction solution 
Labelled U snRNAs were prepared as described in Hamm et αϊ (1987) 
In vitro translation 
35S-labelled UI A protein and derivatives were made in wheat germ extract 
(WGE) by translation of their corresponding T7-mRNAs, according to the 
manufacturer (Promega) 200 ng (2 μΐ) T7-mRNA were incubated in a total 
volume of 50 /il containing 25 μΐ WGE/10 mM HEPES pH 7 6/2 5 mM 
Mg-acetate/120 mM K-acetatc/3 mM, 0-mercaptoethanol/8O μΜ of 19 
amino acids mixture minus methionine/38 μΟ [ Sjmethionine (1200 Ci/ 
mmol) at 25°C for 2 h When cold Ul A protein was made, ["S]-
methiomne was replaced by 80 μΜ methionine The m vitro made proteins 
were stored at — 20°C, and thawed and frozen many times without apparent 
loss of binding capacity 
In vitro RNA-protein binding assays 
Steptavidm precipitation of Ul snRNA -Ul A complexes Ι μΐ of m vitro 
made [35S]protein was incubated with 1 μΙ of 1 5 dilution of stock T7-U1 
snRNA ( - 20ng) in a total volume of 10 μΙ containing 20 mM HEPES pH 
7 9/2 mM MgCl2/10 μΜ ZnCl2/0 02% ΝΡ-4ΟΠ0 mM NH4CI/5 μ% E coli 
tRNA After incubation for 30 mm at 30°C, 500 μΐ Ippl50 (150 mM 
NaCl/10 mM Tns-HCl pH 8 0/0 1% NP-40/0 1% sodium azide) were 
added, the solution mixed by pipetting and transferred into a tube containing 
the equivalent of ~20μ1 packed streptavidm -agarose beads (BRL) 
previously washed m IpplSO The solution was mixed for 90 min by rotating 
the tubes end over end at room temperature The beads were pelleted by 
a 30 s centnfugation, the supernatant aspirated and the bead pellet was 
washed with 1 ml Ippl50 for 10 min, three times, rotating The bead pellet 
was resuspended in 25 μΐ x2 SDS-PAGE sample buffer, vortexed briefly 
and boiled for 3—5 mm After a brief spin, the supernatant ( - 30 μΙ) was 
loaded onto a 15% S D S - Polyacrylamide gel After electrophoresis, the 
gel was treated with Entensify (NEN), dned for 2 h at high temperature 
and exposed to Kodak XOMAT film at -80°C for 1 - 3 days 
Band shift assay. We adapted a protocol described by Lcibold and Munro 
(1988) 1 μΐ of unlabelled m vitro made A protein was incubated with 
- 10 ng of 12P-radiolabelled wt Ul snRNA in the presence of 20, 2 and 
1 ng of cold competitor (ШДА or ШДВ or U2) in a volume of 10 μΐ 
containing 10 mM HEPES pH 7 9/3 mM MgCl2/40 mM KCl/5% 
glycerol/5 μg E coli tRNA/lmM DTT After incubation at 30"C for 30 mm 
1 U RNase TI (Calbiochem) was added for 10 mm, followed by 5 mg 
hepann/ml for 10 mm, both at room temperature At the end of the reactions, 
3μ1 of a x5 loading buffer (x5 250 mM Tns-glycine/40% 
glycerol/0 025% BPB) was added and the RNA—protein complexes were 
electrophoresed as described by Konarska and Sharp (1986) with the 
following modifications for the gel A 0 4% agarose/4% acrylarmde gel 
(acrylamide bisacrylamide ratio 30 1) was polymerized with 1/100 volume 
TEMED and 1/100 volume 25% APS, pre-run for 15 min at 10 V/cm, 
followed by electrophoresis of the complexes for 2 h 30 min at 4°C with 
the same voltage The dned gel was autoradiographed (-80°C, over night) 
Site directed mutagenesis 
The entire human Ul A cDNA (Sillekens et al, 1987) was inserted as an 
EcoRI-ЕсоЮ fragment into pGEM-3z(+)(PROMEGA) vector from which 
the BamHI site was deleted by cutting the vector with Hindi and Smal and 
rehgation Single stranded DNA was produced with the helper phage 
MI3K07 and point mutations produced using the oligo-directed mutagenesis 
system kit from Amersham Since each mutation introduced a unique BamHl 
site, the mutation was checked by a BamHI —EcoRI digestion of the 
recombinants and the mutated area was checked by sequencing 
U1 snRNA constructs 
The constructions from which T7 transcripts of Xenopus U1 wt, ΔΑ, ΔΒ, 
ДС, AD, ΔΕ, ΔΑΟ, ΔΒϋ, AED, bean and soybean Ul snRNAs were made 
as desenbed in Hamm et al (1987, 1988) The DNA constructs for 
stem+/loop Π (S+) and stem-/loop II(S-) RNA were made by annealing 
two pairs of complementary oligonucleotides which were inserted between 
the EcoRI and BamHl sites of pBluescnbe ( - ) For the RNA control (S +1), 
two other annealed oligonucleotides were inserted into the EcoRI site of 
pBluescnbe such that transcription from the T7 promoter will produce an 
RNA capable of forming a hairpin whose loop sequence is complementary 
to the Ul loop Π sequence S+ and S - DNAs were linearized with BamHI 
and S + i with f/indlll These three linearized DNAs were transenbed with 
T7 RNA polymerase in the presence of Biotin-11-UTP as described above 
In vitro assembly 
The preparation of Xenopus egg extract and its use for in vitro assembly 
is desenbed in Hamm et αϊ (1987). HeLa nuclear extract was prepared 
according to Dignam et al. (1983) 
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interaction between small nuclear 
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The basis of the specificity of interaction of Ul 
and U2 small nuclear (sn)RNAs and their cognate 
binding proteins, U1A and U2B", has been examined. 
The U1A protein recognizes Ul snRNA on its own, 
whereas U2B" binds specifically to U2 snRNA only 
in the presence of a second protein, U2A'. Exchange 
of two nucleotides between the two RNAs or of 
eight amino acids between the two proteins 
reverses binding specificity. 
LITTLE information on the structural basis of RNA-protein 
binding is available. Analysis of common structural motifs in 
families of proteins that bind to other ligands, for example 
nucleotide cofactors or DNA, has been useful in the study of 
these proteins. We have therefore examined the role in specific 
RNA binding of a conserved motif found in ribonucleoproteins 
(RNPs). The RNP motif is of 70-90 amino acids1"3. The most 
conserved portion is an eight-amino-acid stretch called the RNP 
consensus sequence4 (RNP-CS; also RNP1 (ref. 5) or the 
octamer region6). Several protein components of the U snRNP 
group of nuclear ribonucleoproteins contain RNP motifs. These 
include Ul 70K (refs 3, 7, 8), U1A (ref. 9) and U2B" (ref. 10). 
Previous work with Ul 70K and U1A identified minimal seg­
ments of these two proteins that were required for binding to 
Ul RNA (refs 6, 11). The minimal segments contained a copy 
of the RNP motif but, in both cases, flanking sequences were 
also required for specific RNA binding. This left open the 
question of whether binding specificity is due to sequences in 
the motif or to the unique sequences outside it. 
To approach this problem we have examined the interaction 
between two proteins, Ul A and U2B", and their cognate RNAs, 
Ul and U2 snRNA. The Ul A and U2B" proteins share extensive 
sequence similarity9. The C-terminal 77 amino acids of the two 
proteins are 86% identical, where residues 7-101 of U1A and 
4-98 of U2B" are 77% identical. These two segments are separ­
ated by dissimilar regions. Each protein contains two copies of 
the RNP motif6, which lie between amino acids 12-84 and 
210-277 in U1A and 9-81 and 153-220 in U2B". In U1A the 
C-terminal RNP motif is not required for specific RNA 
binding". 
Specific U2B binding to RNA requires U2A' 
The U1A protein binds specifically to Ul RNA in vitro in the 
absence of other UsnRNP components" 1 2. To test whether 
U2B" binding to U2 RNA was comparable, human U2B" protein 
was synthesized in vitro and its binding to Xenopus U2 snRNA 
was tested and compared with nonspecific binding to U6 
snRNA. U2B" bound to RNA, but nonspecifically (Fig. 1, lanes 
4, 5). Because U2B" is associated with U2 snRNA in vivo, some 
component required for specific interaction might have been 
missing from the assay system. To investigate this possibility, 
U2B" protein made in vitro was complemented with HeLa cell 
B'complemented wth 
A'
 : Acola VICE NXT 
Α ι U2 U6 U2 U6 U2 U6 U2 U6 U2 U6 B"i 
1 2 3 4 5 6 6 9 1 0 1 1 12 
FIG. 1 U2B" requires U2A' for specific binding to U2 snRNA. Binding of in vitro 
translated U2A' (lane 1) and U2B" (lane 12) proteins to U2 and U6 RNAs 
was analysed. Although neither protein alone (lanes 2, 3. 4 and 5) or after 
the addition of control wheat-germ extract (WGE; lanes 8,9) exhibited 
U2-specific binding, complementation of U2B" with either 10 μg HeLa cell 
nuclear extract (NXT; lanes 10,11) or wheat-germ extract programmed with 
U2A' mRNA (lanes 6, 7) led to specific U2B"-U2 RNA binding 
METHODS. In vitro transcription and translation and protein-RNA binding 
assays have been described11. Plasmids carrying U2B" or U2A' cDNAs were 
linearized and, together with T7 RNA polymerase, used for the synthesis of 
the corresponding messenger RNAs The mRNAs were translated in wheat-
germ extract in the presence of [35S]methionine. resulting in the production 
of labelled U2B" or U2A' U2B" protein, for unknown reasons, always appears 
as a doublet of relative molecular mass 28.000 (M,. 28K) U2A' protein has 
a predicted M, of 33K but migrates as 27K Labelled U2A' or U2B" comple­
mented with the components described above was mixed with the biotmyl-
ated U snRNA test substrate. After incubation, proteins bound to the RNA 
were precipitated with streptavidin coupled to agarose beads. After several 
washes, the bead pellet was resuspended in electrophoresis sample buffer 
and boiled to release the RNA-bound proteins. The supernatant was fraction­
ated by SDS-PAGE, fluorographed, dried and autoradiographed. HeLa cell 
nuclear extract was made as described31 
nuclear extract and its association with U2 and U6 reassessed. 
In the presence of nuclear extract the nonspecific binding of 
U2B" to U6 was reduced and U2-specific binding was observed 
(Fig. 1, lanes 10 and 11). Earlier studies in vivo suggested that 
U2B" is closely associated with U2A' in the U2 snRNP (refs 
13-15). The effect of in vitro synthesized U2A'protein16 on RNA 
binding was therefore tested. Radiolabelled U2A' made in 
wheat-germ extract (Fig. 1, lane 1) did not bind detectably to 
RNA (Fig. 1, lanes 2, 3). When wheat-germ extract programmed 
with U2A' messenger RNA (in the absence of [35S]methionine) 
was added to U2B", specific binding of U2B" to U2 RNA was 
observed (Fig. 1, lanes 6, 7). Addition of control wheat-germ 
extract had only a slight effect on the specificity of U2B" binding 
(Fig. 1, lanes 8, 9). Thus, specific association of U2B" with 
U2 snRNA required U2A'. This will be discussed in more detail 
below. 
Two nucleotides crucial for binding specificity 
Xenopus U2 snRNA can be divided into four stem-loops (I-IV) 
and two single-stranded regions (Fig. 2a; ref. 17, but see ref. 
18). Previous in vivo studies13 1 5 identified hairpins III and IV 
as likely sites of interaction with U2B" and U2A'. Various 
deletion derivatives of U2 were prepared to define the require­
ments for U2B" binding in vitro. The U2 fragments were named 
according to which loops they retained (such as I and II, III 
and IV) or which had been deleted (for example, ΔΙΙΙ). Deletion 
π 
b vi 
ι 1 
U 6 Μ ASm Ι+Ι1 ΔΙΙΙ ДІ ИІ+І IV Input 
1 8 
FIG. 2 Characterization of the in vitro binding site for U2B" protein, a, Possible 
secondary structure of Xenopus U2 (ref. 17) showing the four hairpin loop 
structures and the Sm binding site, which is necessary for interaction with 
the common U snRNP proteins1 3, b. Various U2 structural mutants were 
tested for their ability to bind U2B" protein U6 snRNA (lane U6) was used 
as a negative control and wild-type U2 snRNA (lane wt) was the positive 
control. Mutant ASm has a modified version of the Sm binding site 
(A"UUUUUG105-A99UGAGUG105). I+ 11 lacks the third and fourth hairpins. 
ΔΙΙΙ lacks the third hairpin, ЛІ lacks the fourth hairpin, III +IV consists of 
the third and fourth hairpins, and IV consists of the fourth hairpin alone. 
The amount of U2B" protein used for each binding assay is shown in the 
input lane. 
METHODS. A T7 RNA polymerase promoter was introduced upstream of the 
coding part of a Xenopus U2 snRNA gene 2 0 3 1 . This construct was subcloned 
into a pEMBL plasmid derivative. pM9 (P. Monaci and A Nicosia, unpublished 
results) allowing the production of single-stranded DNA when cells carrying 
this plasmid are infected with the helper phage R408 The single-stranded 
DNA was mutated by site-directed mutagenesis30 
of hairpin IV abolished U2B" binding (Fig. 2b, lanes 4,6), 
whereas deletion of other parts of the molecule had no effect. 
An RNA transcript containing only hairpin IV showed full 
binding activity in this assay (Fig. 2b, lane 8). Thus, the conser­
ved19 hairpin IV is the binding site for U2B" in vitro. 
The loop sequence of hairpin II of Xenopus Ul RNA is largely 
responsible for the specific binding of the U1A protein11. Com­
parison with hairpin IV of Xenopus U2 RNA revealed that the 
loop regions of these two hairpin are extremely similar (Fig. 
3a), whereas the stems are different20,21. This, together with its 
conservation19,22, suggested that the loop of U2 hairpin IV might 
be responsible for sequence-specific binding of U2B". 
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Sequences of the mutated loops are shown between the corresponding 
wild-type (wt) loop sequences. Mutated nucleotides are underlined and 
deleted nucleotides are shown by an underlined gap. An intermediate level 
of binding is indicated by - / + . The results of binding experiments with 
either the U1A or U2B" protein are indicated. The asterisks mark nucleotide 
positions crucial for discrimination between U1A and U2B" binding. 
To test this hypothesis, a series of point mutants in Ul hairpin 
II were made. They are listed in the upper part of Table 1. The 
sequence alterations in mutants 1.2, 1.3 and 1.4 result in the 
stepwise transformation of the Ul loop II sequence to that of 
U2 loop IV. Changing C71 to G (Fig. 3a; Table I) in mutant 
1.2 resulted in a low level of specific U2B" binding (Fig. 3b, 
compare lane 5 with the negative control, lanes 2 and 4). Com­
bining this mutation with the insertion of an A between U72 
and C73, to generate mutant 1.3, resulted in U2B" binding at a 
level comparable to that of U2 (Fig. 3 b, lane 6). Addition of a 
U residue at each extremity of the loop sequence (mutant 1.4), 
had no further effect. The results are summarized in Table 1. 
Thus, alteration of only two nucleotide positions in Ul RNA 
enables it to bind specifically to U2B". 
An analogous series of U2 mutants were created by mutation 
of loop IV (Table 1, 2.1-2.4). Deletion of A168, to generate 2.2 
(Fig. 3a; Table I) also does not allow U1A binding (Fig. 3c, 
lane 4). But combination of this mutation with the alteration of 
G166 to С (mutant 2.3) allowed binding of U1A to a level 
comparable to that of Ul (Fig. 3c, lanes 1,3). Deletion of the 
two U residues at the 5' and 3' extremities of the loop (mutant 
2.4) had no further effect (Fig. 3c, lane 6). The results are 
summarized in Table 1. Thus, alteration of two nucleotide posi­
tions in U2 RNA converted it to a substrate for U1A binding. 
The region of U2B required for U2 RNA binding 
To define which region of U2B" was required to bind U2 RNA, 
truncated U2B" derivatives were generated (Fig. 4, marked with 
white dots) and their RNA binding was tested in the presence 
of control, full-length U2B" protein (Fig. 4, arrowhead). Binding 
to Ul RNA was used as a control of specificity. A fragment of 
U2B" corresponding to the N-terminal 76 amino acids was 
unable to bind to RNA (Fig. 4, lanes 2-4). Addition of twelve 
or more amino acids produced proteins which displayed specific 
binding to U2 RNA ( Fig. 4, lanes 5-19). This defines the minimal 
segment of U2B" protein capable of binding specifically to 
U2 RNA as lying between amino acids 1-88. This region of 
the protein includes the N-terminal copy of the RNP motif6,9. 
The C-terminal copy of the RNP motif (residues 153-220) and 
the U2B"-unique region (residues 101-147) are not required for 
specific RNA binding. 
RNP motif residues and RNA binding specificity 
That only two nucleotide positions in Ul and U2 snRNAs are 
required to distinguish them as substrates for U1A or U2B" 
binding suggested that the protein determinants responsible for 
this specificity might also be relatively simple. To test this, 
chimaeric proteins were constructed using restriction sites intro­
duced into analogous positions of the complementary DNAs 
(Fig. 5a). Only sites whose introduction did not affect binding 
were used for hybrid construction. The ability of the hybrids to 
bind to RNA was tested in the presence of specificity controls 
in the absence (Fig. 5b) and presence (Fig. 5c) of the U2A' 
protein. Mutant I (Fig. 5a) showed the same binding specificity 
as U2B", binding specifically to U2 RNA only in the presence 
of U2A' (Figs. 5b and c, lanes 2-5). The mutant protein is 
marked with a white dot. The internal controls are U1A and 
truncated U2B" protein. By contrast, mutant 2 has the same 
binding specificity as U1A (Fig. 5b and c, lanes 6-9). In mutants 
3 and 4, the converse regions of U2B" and U1A protein were 
exchanged (Fig. 5a). Mutant 3 behaves like U1A (Fig. 5b and 
c, lanes 11-14, note that the internal controls are now wild-type 
U2B" and the truncated U1A protein). Mutant 4 behaves like 
U2B" (Fig. 5b and c, lanes 15-18), although it can bind weakly 
to Ul and U2 in the absence of added U2A'. 
These results define short regions of the two proteins whose 
exchange results in the transfer of RNA-binding specificity. The 
sequences of the relevant segments are shown in the lower part 
of Fig. 5a. Within these sequences, positions 39, 60 and 61 of 
U1A and 36, 57 and 58 of U2B" cannot be required for RNA 
binding, because their alteration during the construction of the 
39 
FIG. 3 Nucleotide determinants of UIA and U2B" binding 
specificity, a. Schematic secondary structures of hairpin 
II of Xenopus U l snRNA and hairpin IV of Xenopus U2 
snRNA. Base-paired nucleotides of the stem are shown 
by a bar, whereas unpaired or bulged nucleotides are 
shown by dots. No stem sequence is conserved between 
the RNAs The sequence of each loop is shown. Nucleo­
tides specific for the Xenopus U l or U2 loops are 
indicated by an arrow or arrowheads respectively and 
their positions in the RNAs are numbered Nucleotides 
that determine specific binding to U1A or U2B" are 
circled. Note that both loops contain the sequence AUUG-
CANUXCC, where N denotes G or С and X denotes A or 
no nucleotide, o, In vitro binding of U2B" to Ul loop II 
snRNA mutants. B"i (lane 1) is the amount of input 
protein used in each binding assay. Lanes 2-7 show 
the amount of U2B" protein bound to the indicated RNA 
substrates, c, In vitro binding of U1A to U2 loop IV snRNA 
mutants. Lanes 1-6 show the amount of U1A protein 
bound to the indicated RNA substrates 
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mutant proteins had no effect. Furthermore, only 8 of the other 
21 amino acids exchanged differ in the two proteins. To further 
define the importance of these eight amino acids in specific 
binding, mutants 5 and 6 were constructed. In these two mutants, 
short regions of U2A and U2B" were exchanged into truncated 
versions of the corresponding proteins (Fig. 5a). 
Mutant 5 (Fig. 5d) behaved like U2B". The protein (marked 
with a white dot) bound to U2 RNA only in the presence of 
U2A' protein (lanes 3-8). Mutant 6, however, did not show any 
specific RNA binding (Fig. 5<?; the signal running just below 
mutant 6 in lane 12 is due to a truncated fragment of the U2B" 
internal control) even in a full-length version in which amino 
acids 99-225 of U2B" protein were present (data not shown). 
Nevertheless, the results with mutants 1-5 firmly implicate the 
eight amino-acid differences in the segments of U1A and U2B" 
shown in Fig. 5 a as being crucial for RNA binding specificity. 
Furthermore, the results imply that the same portion of U2B" 
may be sufficient to allow interaction with U2A' protein because 
mutant 5 (Fig. 5a) requires U2A' for specific RNA binding. 
That the binding of mutants 3 and 4 to Ul RNA is reduced in 
the presence of U2A' (Fig. 50 and c) suggests that the N-terminal 
region of U2B" is also involved in U2A' binding. Direct studies 
of the interaction between these two proteins will be required 
to confirm these conclusions. 
Discussion 
We have examined determinants of specificity in the interaction 
between two U snRNP proteins, U1A and U2B", and their 
cognate RNAs. In this way, compact regions in the two proteins, 
and the two RNAs, which are main determinants of binding 
specificity and sufficient to explain the discrimination between 
Ul and U2 snRNA binding, have been identified. As the two 
proteins9 and the two RNA substrates (Fig. 3a) share extensive 
sequence similarity, it is to be expected that the sequences 
involved in U1-U2 discrimination are not the only residues 
required for overall binding specificity. Indeed, the possibility 
that other amino acids have a more minor role in U1-U2 
discrimination has not been ruled out, and might explain the 
binding behaviour of mutants 4 and 6. We are now attempting 
to devise quantitative assays to allow measurement of the contri­
bution of the regions involved in specificity determination to 
the total binding energy. 
Perhaps the most surprising result about the binding of the 
U1A and U2B" proteins to RNA is that, despite their extensive 
similarity9, U1A can recognize RNA on its own, whereas U2B" 
requires a second protein, U2A', to specifically bind to U2 RNA. 
There are several simple possible schemes for the U2 interaction 
of U2B" and U2A'. U2A' could bind specifically to U2, with 
U2B" binding to the complex or to U2A' protein itself, or to an 
altered conformation of U2 RNA which is induced by U2A' 
binding. Because U2A' does not bind to RNA in the in vitro 
assay (Fig. 1), we consider these possibilities unlikely. It is more 
probable that U2A' and U2B" interact either in solution, or after 
U2B" has bound nonspecifically to RNA, inducing a conforma­
tional change in U2B" which allows specific U2 snRNA binding. 
There are several strong reasons for believing that U2B" interacts 
directly with U2 RNA. First, the high nonspecific RNA binding 
of U2B" in the absence of U2A'. Second, the extensive similarity 
between the Ul A and U2B" proteins9, and the similarity between 
their respective RNA binding sites which is described here. 
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FIG. 4 In vitro binding of C-termmal truncated U2B" deriva­
tives Binding capacity of C-terminal truncated U2B" proteins 
(labelled with a white dot) was tested using the binding assay 
described in the legend to Fig. 1 Ul snRNA was the control 
for nonspecific RNA binding and wild-type (wt) U2B" protein 
was included in each binding assay as an internal positive 
control (arrowhead). The molar ratio between wild-type U2B" 
and the mutants was between 1:2 and 1:3 For each truncated 
protein the amount of protein used in the binding assay (P 
lanes), the amount of protein bound to Ul RNA (Ul lanes) 
and to U2 RNA (U2 lanes) is shown M lanes contain M, 
standards. 
METHODS. Unique BamH\ restriction sites were introduced in 
a U2B" cDNA at amino acid positions 77/78. 89/90. 99/100. 
115/116,135/136 or 146/147 by site-directed mutagenesis 
The introduction of a SamHI site leads to the substitution of 
glycine and serine for the original amino acids. The mutated 
cDNAs were linearized at the introduced BamHI sites, tran­
scribed in vitro by T7 RNA polymerase and the resulting 
mRNAs translated in wheat-germ extract in the presence of 
[35S]methionine. The binding of the U2B" derivatives was 
tested in the presence of HeLa nuclear extract. 
40 
Binding properties 
-A' + A' 
it r ui ю υ· Ρ ui иг ue s ρ и л л ' ш л я 
U1 U2 U1 U2 
Ж 
1 38/39 60/61 102/103 
1 35/36 57/58 99/100 225 
А1-101 I 
В" 1-98 
I Ші ι 
"• 
>· t l I t 11 14 η Η 17 * 
SI Ρ UI U2 U« Ρ UI U2 U6 S2 Ρ ui иг ив Ρ UI иг U6 
r 
I 1 4 S I 7 · · 10 И 11 1Э 1' 15 1« 17 I I 
RNP-CSX 61 
A GO I LO ILUSRSL<nRGQflFUIFKE 
ι n циннии 
В" GHUUDIUHLKTHKHRGOHFUIFKE 
35 ι ι.ι 58 
5+А* В" 
+A' 
S GS 
M Si U1 U2 U6 U1 U2 US UI U2 U6 U1 U2 U6 Ai B"i 
^ L - Шанин t ^ ^ ^ . ^^JÊÊL· ^Ш 
12 11 14 15 16 
6+A+B" 
FIG. 5 Major determinants of the RNA binding specificity of U1A and U2B" proteins, a, 
Schematic representation (to scale) of UlA, U2B" and hybrid derivatives. Open boxes represent 
U1A protein sequences, filled boxes U2B" protein sequences and dashed boxes the conserved 
RNP consensus sequence (RNP-CS, ref. 4) The positions mutated in the two proteins to 
generate the sites utilized for protein exchange are also indicated (U1A: 38/39,60/61; U2B": 
35/36, 57/58), as are the positions used to make truncated derivatives of the proteins 
(U1A: 102/103; U2B". 99/100), The RNA binding properties of the constructs are summarized 
on the right. Binding assays were performed in the absence or presence of U2A' as indicated. 
and in the presence of full-length (A. B") or truncated (A, and B") versions of the U1A and 
U2B" proteins. The lower part of the figure shows ammo-acid sequences (single-letter code) 
of the protein segments whose exchange results in transfer of binding specificity. The 
arrowed positions were mutated, in both proteins, by the introduction of the ßamHI restriction 
sites used in hybrid construction, o, Binding properties of hybrid constructs 1-4 (Fig. 5a) in 
the absence of U2A' protein U6 snRNA was used as a nonspecific control; U1A wt and U2B" 
1-98 (B"t) (lane SI) were internal controls for constructs 1 and 2. U2B" and U1A-101 (At) i l l · s e 7 · » ю 11 и и м 
(lane S2) were internal controls for constructs 3 and 4. The positions of the internal protein 
controls are indicated on the left of lanes 1 and 10, whereas the positions of the mutant constructs (1-4) are indicated by white dots in the Ρ lanes. 
Ρ lanes represent the amount of chimaeric protein used in the binding assay, с As b. except that each binding reaction was complemented with U2A' 
protein made in vitro d, Binding properties of hybrid construct 5 either alone (lanes 3-8) or in the presence of U1A and U2B" internal controls (lanes 9-14) 
The binding experiments were conducted in the absence (lanes 3-5 and 9-11) or in the presence (lanes 6-8 and 12-14) of U2A' protein. The hybrid protein 
is marked with a white dot in lane 2 Lanes 5ι. Αι and B"i represent the amount of protein used in each binding assay. M is a M, marker lane e. Same as 
d, but for hybrid construct 6. 
METHODS Unique ßamHI sites were introduced into U1A and U2B" cDNAs, These sites, together with unique restriction sites in flanking regions, were used 
to exchange parts of the cDNAs to create the hybrid constructs 1-4. To obtain mutants 5 and 6. a second ßamHI site was introduced at ammo-acid 
positions 60/61 into a U1A cDNA already carrying a ßamHI site at positions 38/39 and similarly at positions 35/36 and 57/58 of a U2B" cDNA The two 
double mutants were digested with ßamHI. the small internal ßamHI fragments were gel purified and ligated into the vector fragment obtained by digestion 
of the other cDNA Unique ßg/ll sites introduced into both constructs were used to generate proteins ending at position 101 (construct 5) or at position 
98 (construct 6). 
Third, it seems extremely unlikely that the hybrid protein con-
structs (1-4, Fig. 5a) would all bind to RNA if U2B" were not 
itself an RNA-binding protein. 
Because the minimal segments of Ul A and U2B" required for 
RNA binding both contain an RNP motif, a structural element 
present in many RNA binding proteins, it is possible that the 
results presented here can be generalized to other members of 
the family. The region of Ul A and U2B" here defined as a main 
determinant of binding specificity lies just upstream of the RNP 
consensus sequence (Fig. 5a) in one of the most variable regions 
of the motif'·6·23. This variability would be consistent with a 
general role for this region in the determination of binding 
specificity, but further evidence is required. 
Among DNA binding proteins, exchange of one or a few 
amino acids between members of the helix-turn-helix or zinc-
finger protein families can result in the exchange of DNA 
binding specificity24"28. These results would support the 
hypothesis that proteins that contain similar DNA-binding 
motifs recognize DNA in a similar way. But this view seems to 
be an oversimplification as different helix-turn-helix proteins 
can bind to DNA in recognizably different ways (reviewed in 
ref. 29). There are additional reasons to doubt that RNP motif 
proteins will all recognize RNA in exactly the same way. The 
binding substrates of this family of proteins have great structural 
variability". It therefore seems probable that different members 
of the RNP motif family will use different protein structural 
elements, perhaps even outside the RNP motif, to achieve 
specificity. The region of U2B" that is required for interaction 
4 1 
with the U2A' protein seems to correspond to all or part of 
the conserved N-terminal RNP motif. So the motif is not 
only involved in protein-RNA but also in protein-protein 
interactions. Because many members of the RNP motif 
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ABSTRACT 
tesplte the great sequence similarity between U1A and 
J2B", both proteins do have a difference in RNA 
linding specificity and In the way they bind to their 
;ognate RNAs. The U1A protein Is able to bind ¡n vitro 
Л RNA independently of other factors. The U2B" 
>rotein binds specifically to U2 RNA in the presence 
)f the U2A' protein only. We have compared the effect 
>n RNA binding of multiple double point mutations at 
inalogous positions in the U1A and U2B" protein. The 
«suits obtained show that amino acids at almost all 
>f the analogous positions tested in U1A and U2B" 
lave a comparable qualitative effect on RNA binding 
ilthough the quantitative effect of mutations on U2B" 
s more severe than on U1A. Using U1A mutants with 
nternal duplications a distinct area of the RNP motif 
>f the U1A protein was identified which appears not to 
>e directly involved In U1 RNA binding. In addition, 
oles of the highly conserved RNP1 and RNP2 
sequences of the N-terminal RNP motif of the U1A 
irotein, are Investigated by replacing them with the 
inalogous U1-70K sequences. 
NTRODUCTION 
rhe U1A protein is a constituent of the Ul small nuclear 
ibonucleoprotein particle (snRNP). This particle belongs to the 
amily of spliceosomal snRNPs and consist of a Ul snRNA 
nolecule, a set of at least seven polypeptides common to 
¡pliceosomal snRNPs and three specific proteins referred to as 
J1A, U1-70K and UIC (for review see 1). The U1A protein 
s very similar to the U2 snRNP specific B" protein (2) and both 
)roteins contain two copies of the RNP motif. This motif is a 
70—90 amino acid long sequence which contains two highly 
unserved short regions, referred to as RNP1 (or RNP consensus 
¡equence) and RNP2 (3,4). The N-terminal RNP copy of U1A 
ind of U2B" plus a few flanking amino acids have been shown 
о be required for specific RNA binding. In U1A and U2B" the 
Z-terminal RNP motif is not required for specific RNA binding 
5-8). 
The N-terminal RNP domain of Ul A is different from the RN1 
domain of the U2B" protein at only 20 out of 101 positions 
Although both RNP domains thus are very similar, the protein 
U1A and U2B" bind their cognate RNA differently. U1A protei 
can bind specifically to Ul RNA in the absence of other U 
snRNP components while U2B" binds specifically to U2 snRNJ 
only in the presence of U2A' protein (7-12). 
The Ul A protein binds to the second hairpin of Ul RNA am 
the U2B" protein to the fourth hairpin of U2 RNA. The highl 
similar loop sequences of Ul hairpin Π and U2 hairpin IV ar 
essential for the binding of the proteins (5,7,8,13-15). Th 
U1-70K protein contains one copy of the RNP motif which i 
essential for the specific binding to the first hairpin of Ul RN> 
(16-18). 
Recently the crystal structure of the RNP domain of Ul A ha 
been solved (19). The secondary structure of this domain consist 
of a four-stranded antiparallel /3-sheet and two α-helices arrange 
in the order /91-αΑ-/32-/33-αΒ-/94 in the primary structure. Th 
conserved RNP1 and RNP2 sequences are located side by sid 
in the middle of the four-stranded /3-sheet (19). 
To localize amino acids of the RNP domain involved in th 
interaction with RNA, the RNA binding ability of several mutar 
proteins were analysed. We have compared the influence on RN/ 
binding of double point mutations in U1A and U2B" protein an 
found that in both proteins amino acids at analogous position 
are important for RNA binding. Furthermore we show that th 
conserved RNP1 sequence of the Ul A protein is more importar 
than the less conserved RNP2 sequence for Ul RNA bindin 
and that a distinct area of the RNP domain of Ul A appears nc 
to be directly involved in Ul RNA binding. 
MATERIALS AND METHODS 
Plasmids 
The human U1A (2) and U2B" cDNAs (20) were subcloned int 
the £coRI site of pG£M-3Zf(+) (Promega) vector from whicl 
the BamHl restriction site was removed by BamHl digestion 
filling in the recessed 3' termini and re-ligation. Single strande 
DNA was produced with the helper phage M13K07 and poiri 
mutations were produced using the oligonucleotide-directed 
mutagenesis system from Amersham (U.K.). Since each mutation 
introduced a unique BamHl site, the mutation was checked by 
a ВатШ-EcoRl digestion of the recombinants and sequencing 
of the mutated area. 
The human U2A' cDNA (21) was subcloned into the EcoRl 
site of pG£M-3Zf(+). The Ul and U2 RNA derivatives used 
in this work have been described earlier (7). 
In vitro transcription 
To produce T7 messenger RNA for U1A, U2B", U2A' proteins 
and mutants thereof, 2/tg of linearized (Hindlll or BamHl) 
template was incubated at 37° С for 60 min in a total volume 
of 50/tl contaning 40 mM Tris-HCl pH 7.9 /6 mM MgCl2/10 
mM spermidine-HCl/10 mM NaCl/2 mM dithiothreitol 
(DTT)/0.1 mg/ml BSA/60/xM GpppG/1 mM ATP, UTP, CTP, 
GTP/60 U RNase inhibitor (RNasin, Promega)/30 U T7 RNA 
polymerase (Promega). After incubation the non-incorporated 
nucleotides were removed with a Sephadex G50 spin column, 
the RNA was phenol extracted and precipitated with 0.1 volume 
3 M Na-acetate pH 5.2 and 2.5 volume ethanol. The RNA pellet 
was resuspended in 10μ1 sterile water. Approximately 2/ig mRNA 
was synthesized with this method. 
Biotinylated U snRNAs were prepared as described above 
except that ΙΟΟμΜ biotin-11-UTP (Enzo) was added to the 
transcription reaction mix. 
In vitro translation 
55S-labelled U1A and U2B" wild type and mutant proteins were 
made in wheat germ extract (WGE, Amersham U.K.) by 
translation of their corresponding in vitro transcribed T7 mRNAs. 
200 ng T7 mRNA was incubated in a total volume of 30μ1 
containing 15μ1 WGE/120 mM роіа88ІитасеШе/67дМ each of 
19 amino acids (minus methionine) together with 30/iC 
L-[35S]methionine (1200 Ci/mmol, Amersham). When 
unlabelled U2A' was made, 30/tC [35S]methionine was replaced 
by 67μΜ methionine. 
In vitro protein-RNA binding assay 
8μ1 KHN buffer (100 mM KC1/20 mM Hepes-KOH pH 
7.9/0.05% NP-40) was mixed with \μ120 ng/μΐ biotinylated RNA 
(in a solution containing 2/¿g//d Ecoli tRNA) and with Ιμΐ in vitro 
made radiolabelled UIA (mutant) protein or with both Ιμΐ 
radiolabelled U2B" and Ιμΐ unlabelled U2A'. After incubation 
for 60 min at 25 °C the mixture was diluted with 500/tl KHN 
buffer and transferred to a vial containing 15μ1 packed 
streptavidin-agarose beads (BRL) pre-washed with KHN buffer. 
The solution was mixed for 90 min by rotating the tubes end 
over end at room temperature. The beads were pelleted by 
centrifugation, the supernatant aspirated and the pellet washed 
three times by rotating for 1 min with 1 ml KHN buffer. The 
final bead-pellet was resuspended in 20μ1 SDS-sample buffer and 
heated at 100°C for 4 min. After brief centrifugation, the 
supernatant was loaded onto an SDS-polyacrylamide gel. After 
electrophoresis the gel was incubated with dimethylsulfoxide 
(DMSO, 2x30 min), 16% (w/v) 2,5-diphenyloxozal (РЮ) in 
DMSO (1 x60 min), water (3*30 min), dried and exposed to 
Kodak X-omat film at -80°C. 
Competition assay to measure relative binding affinities 
A series of incubations of labelled U1A mutant with biotinylated 
Ul RNA was performed in the presence of increasing amounts 
of purified recombinant U1A protein. Ul A protein was purified 
by DEAE-cellulose and a phosphocellulose (Whatman Pll) 
chromatography from a bacterial lysate containing overexpressed 
U1A polypeptide (22). Truncated radiolabelled UIA protein 
(A203 which contains the N-terminal 203 amino acids of U1A 
wt) was added as internal control. A203 has an equal binding 
affinity for Ul RNA as wild type U1A protein (6,19). The 
precipitated proteins were analysed by Polyacrylamide gel 
electrophoresis and the U1A mutant and A203 were quantified 
by densitometry of the autoradiogram. The relative RNA binding 
affinity is the amount of purified U1A protein required for 50% 
reduction of the precipitated Ul A mutant divided by the amount 
required for 50% reduction of precipitation of A203. 
Table 1. Binding of double point mutants of U1A to Ul RNA and of U2B" to U2 RNA. 
mutated 
amino acids 
AV 
HT 
IY 
NE 
KS 
GQ 
KM 
RG 
KE 
RS 
KP 
DI 
VE 
A protein 
positions 
2/3 
10/11 
12/13 
18/19 
28/29 
38/39 
50/51 
52/53 
60/61 
70/71 
80/81 
92/93 
102/103 
binding 
+ 
+ 
-
+ 
+ 
+ 
+ 
-
+ 
+ 
+ 
+ 
+ 
relative 
affinity 
1.0 
0.3 
0.2 
10 
1.0 
0.4 
1.0 
1.0 
0.5 
10 
1.0 
B" protein 
mutated 
amino acids 
DT 
HT 
ГУ 
ND 
RS 
GH 
KM 
RG 
KE 
RQ 
KP 
DI 
AD 
positions 
2/3 
7/8 
9/10 
15/16 
25/26 
35/36 
47/48 
49/50 
57/58 
67/68 
77/78 
89/90 
99/100 
binding 
+ 
-
-
-
-
+ 
-
-
+ 
+ 
-
+ 
+ 
The positions of the amino acids replaced by GlySer are shown Specific RNA binding was measured with 
the biotinylated RNA binding assay (see Materials and Methods) No detectable RNA binding is indicated 
by —, and RNA binding ability is indicated by + For the U1A mutants also relative values of RNA binding 
affinity, measured with the U1A competition assay, are given The amount of purified Ul A protein required 
for 50% reduction of the precipitated U1A mutant was determined and divided by the amount required 
for 50% reduction of wild type U1A precipitation (see Matenals and Methods) 
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lESULTS 
The effect on RNA binding of double point mutants of U1A 
ompared with analogous U2B" mutant proteins 
~o obtain the mutants, BamHI restriction sites were created at 
3 analogous positions in the U1A and U2B" cDNAs. A BamHI 
estriction site positioned in frame results in a replacement of 
wo amino acids by GlySer at a defined position in the amino 
cid sequence (table 1). The 35S-labelled mutant proteins were 
ubsequently tested in an in vitro RNA binding assay (see 
4aterials and Methods). The U1A mutants were incubated with 
»iotinylated Ul RNA and the U2B" mutants with biotinylated 
J2 RNA in the presence of in vitro made U2A'. After incubation 
he RNA bound proteins were precipitated with streptavidin-
igarose beads and analysed by SDS Polyacrylamide gel 
lectrophoresis (see fig. 1A and IB for some typical examples). 
ГаЫе 1 shows which mutants specifically bound to their cognate 
INA and which did not. Mutations in the conserved RNP1 and 
INP2 sequences of both U1A and U2B" (positions 52/53 and 
¡2/13 respectively in U1A and positions 49/50 and 9/10 
espectively in U2B") abolished RNA binding. All the other 
louble point mutants of Ul A were able to bind to Ul RNA. In 
:ontrast, a number of analogous mutations in U2B" had a strong 
:ffect on U2 RNA binding. Double point mutations in U2B" at 
x)sition 7/8, 15/16, 25/26, 47/48 and 77/78 abolished binding 
о U2 RNA. 
Precipitation of labelled mutants with biotinylated RNA does 
lot give very precise information on the RNA binding affinity. 
Го investigate the RNA binding affinity of these mutants in 
:omparison with UlAwt, competition experiments were 
)erformed. Labelled U1A mutants were incubated with 
)iotinylated Ul RNA in the presence of increasing amounts of 
Hirified unlabelled recombinant UlAwt protein produced in E. 
:oli. Subsequently bound protein was precipitated by streptavidin-
igarose beads. As an internal control a truncated labelled U1A 
jrotein (A203, which contains the N-terminal 203 amino acids 
)f UlAwt) was used. A203 and wild type U1A protein have an 
:qual binding affinity for Ul RNA (6,19). The precipitated U1A 
nutants and A203 were then separated on a Polyacrylamide gel, 
lutoradiographed (see fig 1С shows typical examples) and 
juantified by scanning. A 50% reduction of radio-labelled UlAwt 
)recipitation was achieved by the addition of 9ng of purified U1A 
jrotein. This value was arbitrarily set as a relative value of 1.0. 
rhe relative values for binding affinity of the UlA-mutants are 
>hown in Table 1. When U1A was mutated either at positions 
10/11, 18/19, 50/51 or 80/81 a lower relative binding affinity 
vas found. Analogous mutations in U2B" abolished detectable 
UNA binding completely (Table 1). Thus amino acid changes 
it these positions reduce RNA binding affinity of both proteins, 
dbeit to different extents. 
Mutations at positions 2/3, 38/39, 60/61, 70/71, 92/93 or 
102/103 did not reduce the binding affinity of the U1A protein 
For Ul RNA and the analogous mutations in U2B" showed no 
;ffect on U2 RNA binding (Table 1). Thus the amino acids at 
hese positions in both U1A and U2B" protein are probably not 
iirectly involved in RNA binding. 
Only one pair of mutants, U1A28/29 and U2B"25/26, gave 
/ery different results. The U2B"25/26 mutation abolished RNA 
jinding while the analogous mutation in U1A (U1A28/29) had 
io effect (Table 1). The most likely explanation for this is the 
inability of U2B" 25/26 to interact with U2A' protein (9). This 
interaction is required for specific binding of U2 RNA by U2B" 
7,8). 
Effects of small deletions and sequence duplications in the 
RNP domain of U1A on RNA binding 
We next analysed the effects of small internal deletions and 
sequence duplications in the Ul A RNP domain. Deletions may 
introduce a severe disturbance of the tertiary structure of the RNP 
domain. However, comparison of different members of the RNP 
motif family shows that deletions of particular regions of the motif 
is not incompatable with the retention of RNA binding (4). On 
the other hand, because all primary sequence information is still 
present, internal sequence duplications may have relatively minor 
effects on the tertiary structure of the RNP domain. 
Deletion and duplication mutants were obtained using the 
double point mutant clones (see table 1 for amino acid positions). 
Mutant proteins were produced in vitro and tested using the RNA 
binding assay described above. 
A2/3 All/1* AS2/S3 
I Ul 02 I И1 U2 I Ol 02 
B"2/3 B"15/l< B"«»/S0 
I 02 Ol I 02 Ol I 02 Ol 
Fig. 1. Typical examples of binding behavior of U1A and U2B" mutants measured 
by precipitation of labelled protein with biotinylated RNA transcripts. (A) Shown 
are the precipitation of a U1A mutant which binds as wild type (UIA2/3), one 
which has a reduced RNA binding affinity (U1A I 8 / |9) and one which does not 
bind Ul RNA (иіА52/5з). The in vitro made 35S-labelled mutants were incubated 
with biotinylated Ul and U2 RNA transcripts. After precipitation of RNA-bound 
proteins with streptavidin-agarose beads, the proteins were analysed by SDS-
polyacrylamide gel electrophoresis. As an internal control A101 was used (not 
shown, see ref. 5). Lane I shows the input material used for the binding assay. 
(B) Precipitation of a U2B" mutant which is able to bind U2 RNA (U2B"2/3) 
and two which can not bind U2 RNA (U2B"(,5/ |6) and V2B"i9lS0). The in vitro 
made 35S-labelled mutants were incubated with biotinylated U2 and Ul RNA 
transcripts and analysed as described above. As an internal control U2B"88 was 
used (not shown, see ref. 7). Lane I contains the input material used for the binding 
assay. (C) Example of the relative RNA binding affinity assay. Labelled UlAwt 
and mutant A
so/sl was precipitated with biotinylated Ul RNA in the presence 
of varying amounts of purified recombinant UlAwt protein and analysed as 
described above. The amount of recombinant UlAwt (in ng) used is indicated 
above each lane. As an internal control a truncated labelled U1A protein (A203, 
which contains the N-terminal 203 amino acids of UlAwt and has the same binding 
affinity as UlAwt) was used. The amount needed for a 50% reduction of the 
precipitated radio-labelled mutant was measured as described in Materials and 
Methods and divided by the amount required for 50% reduction of precipitation 
of wild type U1A. The relative Ul RNA binding affinity of the U1A double 
point mutants are given in table 1. Lane I contains 10% of the input mixture 
used for the binding assay. 
Figure 2 shows that all deletions inside the RNP domain 
abolished RNA binding. Thus, when sequences of about 10 amino 
acids are deleted from the N-terminal 91 amino acids the protein 
can not form a functional RNA binding domain. 
In contrast, deletion from amino acids 93 up to 102 did not 
abolish the Ul RNA binding (fig. 2A lane 22-30). This result 
was rather unexpected because a truncated protein including th 
N-terminal 91 amino acids of U1A itself does not detectably bin 
Ul RNA (5,6). Results from other deletion mutants suggest the 
the specific amino acid sequence from 93 up to 102 is not require 
for RNA binding but that the presence of amino acids in thi 
region may influence the conformation of the RNP domain. 
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Fig. 2. Binding of UIA deletion mutants to Ul RNA. (A) The in vitro made 35S-labelled deletion mutants of U1A protein were incubated with biotinylated Ul 
and U2 RNA transcripts and analysed as described in fig 1A. As an internal control A101 was used. The first and last amino acid position of the deleted sequence 
are given between the brackets. Lanes I contain 10% of the quantity of the mixture used for the binding assay. The position of the deletion mutant is marked with 
an arrowhead. (B) Schematic representation of UlAwt and deletion mutants. The RNP domain of U1A is indicated by the dashed area and the RNP1 by a black 
box. Deletions in the mutants are shown as open areas. 
4 9 
The relative values for binding affinity of the mutants 
Α.Δ(93-102), ΑΔ(93-118) and ΑΔ(93-203), measured with 
he competition assay described above, were all 0.4. This means 
that the deletions from amino acid 93 up to 118 and from 93 
up to 203 has the same effect on the RNA binding affinity as 
the deletion from 93 up to 102. 
The internal duplications had, in general, a less dramatic effect. 
Mutants Ai(3-10), Ai(19-28), Ai(61-70), Ai(51-80), 
Ai(61 -80), Ai(71 -80), Ai(81 -92) and Ai(93-102) specifically 
bound Ul RNA (fig. ЗА). In contrast mutant Ai(39-50) and 
Ai(51 -60) were not able to bind Ul RNA and mutant Ai(29-38) 
bound very weakly. These results suggest that only in the latter 
Д Ai<3-10) Ai<l»-J«> Ai(29-38> Ai(39-50) Ai(51-60) Ai<61-70) 
I Ul 02 I Dl 02 I Ol 02 I Ol 02 I 01 02 I 01 02 
? Î 
· · ft» · · · - # · · -
1 2 3 4 S « 7 · » 10 1 1 12 13 14 15 16 17 18 
Ai(J 1-10) A i ( » l - 8 0 ) Ai(71-80) Ai(81-92) Ai (93-102) 
- — · · 
19 20 2 1 22 2 3 24 25 2« 27 28 29 30 3 1 32 33 
В 
U1-A mutants binding to Ul RNA 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
Fig. 3. Binding of U1A internal duplication mutants to Ul RNA. (A) The binding of U1A mutants with an internal duplication to Ul and U2 RNA transcripts 
was analysed as described in the legend to Figure 1A. As an internal control A101 was used. The first and last amino acid position of the sequence which has been 
duplicated in the polypeptide are given between the brackets. The internal duplication mutants, all of similar size, are indicated by an arrowhead. Lane I contains 
10% of the quantity of the mixture used for the binding assay. (B) Schematic representation of Ul Awt and internal duplication mutants. Ul Awt is represented as 
explained in fig. 2B. The duplicated amino acids are shown as an extra box above each U1A representation. 
50 
UI UlAB 0 2 
U1ARNP2« 
ui иілв иг 
UlXjUfP2b 
UI UlAB U2 
· · 
Fig. 4. RNA binding of U1A mutants containing conserved regions of the RNP-
motif of the U1-70K protein. The conserved sequences RNP1 and RNP2 of the 
N-terminal domain of U1A were replaced by analogous sequences of U1-70K. 
In mutant U1ARNP1 the RNP1 RGQAFVIF sequence was changed into the 
U1-70K sequence RGYAFIKY, in mutant UlA R N P 2 a the first three amino acids 
of RNP2 IYI were changed into LFV and in UlA R N P 2 b the last three amino acids 
of RNP2 NNL were changed into ARV. The in vitro made 35S-labelled mutants 
were incubated with three different biotinylated RNAs: Ul RNA which contains 
both the U1A and the U1-70K binding site flanes 2, 6 and 10), ШДВ which 
contains the U1-70K binding site but lacks the U1A binding site (lanes 3, 7 and 
11) and U2 RNA which lacks the binding site for both Ul A and Ш-70К (lanes 
4, 8 and 12). As an internal control A101 (N-terminal 101 amino acids of U1A) 
was used. After precipitation of RNA-bound proteins with streptavidin-agarose 
beads, these proteins were analysed by SDS-polyacrylamide gel electrophoresis, 
rhe mutants, all of the same size, are indicated with an arrowhead. Lane I contains 
10% of the quantity of the mixture used for the binding assay. 
mitants the conformation of the RNP domain has been changed 
dramatically. The results obtained with the internal deletion and 
iuplication mutants are summerized in fig. 2B and 3B. 
RNP1 but not RNP2 of U1A is essential for specific RNA 
binding 
rhe RNP1 and RNP2 sequences of Ul A are both essential for 
RNA binding. This has been demonstrated by the effect on RNA 
jinding of the amino acid substitutions I12Yi3 by GS, R52G53 by 
3S (5), R52 by Q (19) and F 5 6 and F 5 9 both by V (6). However, 
it is not known whether RNP1 and RNP2 contribute to the 
specificity of RNA recognition, or whether they perform a 
jasically structural role. Therefore we replaced the U1A RNP1 
ind RNP2 sequences by the corresponding sequences from 
U1-70K. These sequences of U1-70K are essential for interaction 
with the first hairpin of Ul RNA (17,18). 
The mutants were made in vitro and their binding to three 
aiotinylated RNAs, namely wild type Ul RNA, which contains 
both the U1-70K and U1A binding site, UlAB RNA which 
contains the U1-70K but not the U1A binding site and U2 RNA 
which lacks a binding site for either protein, was assayed. 
With mutant ARNP1, in which the RNP1 amino acid sequence 
RGQAFVIF was replaced by the sequence RGYAFIKY of 
U1-70K, no RNA binding was observed at all (fig. 4 lanes 1—4). 
This indicates that the RNP1 sequence differences are important 
for specific RNA binding site selection. It is also possible that 
he specific RNP1 sequence is required for maintaining the correct 
conformation of the RNP domain. 
Both, mutant ARNP^, in which the first three amino acids IYI 
of RNP2 were replaced by the corresponding U1-70K sequence 
Fig. 5. Schematic ribbon representation of the RNP domain of the Ul A protei 
which contains a four-stranded 0-sheet (long arrows) and two α-helices (curls 
The short arrows indicate the predicted sites of the inserted amino acids. Th 
black and dark grey arrows indicate the insertions resulting in complete loss с 
strong reduction of detectable RNA binding, respectively. The light grey arrow 
indicate the insertions which do not abolish Ul RNA binding. The sma 
arrowheads and the amino acid positions mark the start and end positions of th 
sequences which had been duplicated. (The structural representation of the figur 
is reprinted by permission from Nature Vol. 348 pp 517 Copyright (c) 199 
Macmillan Magazines Ltd.) 
LFV, and mutant ARNP2b, in which the last three amino acid 
NNL of RNP2 were replaced by the corresponding U1-701 
sequence ARV, were able to bind Ul RNA specifically albei 
with a reduced affinity (fig. 4 lanes 5 - 12). The relative bindinj 
affinity for UlAR N P 2 a was determined with the U1A competitioi 
assay described above and found to be 0.3. The relative RN/ 
binding affinity of UlARNP2b was less then 0.1. These mutant 
were also unable to bind detectably to the U1-70K binding sit 
on UlAB RNA (fig. 4 lanes 7 and 11). Our results indicate tha 
in contrast to the RNP1 sequence, the RNP2 sequence difference 
are not crucial for the specificity of RNA binding. 
DISCUSSION 
We have measured the effect of analogous double point mutation 
in U1A and U2B" on RNA binding (Table 1). Although th 
mutation into GlySer of amino acids at positions 10/11, 18/19 
50/51 and 80/81 of U1A reduced the Ul RNA binding affinity 
the interaction still occurred at clearly detectable levels 
Analogous mutations in U2B", however, resulted in no detectabli 
U2 RNA binding. Nevertheless, all mutations in U1A tha 
reduced the Ul RNA binding affinity also interfered with th 
U2B"-U2-RNA interaction and vice versa, with one exception 
U2B"25/26. This mutant has been shown to be unable to bini 
the U2A' polypeptide (9), which explains why the effect causei 
by the mutation at this position is specific to U2B". It thus seem 
that analogous mutations in both proteins do have a comparabl 
51 
ffect on RNA binding, although the effect on U2B" is more 
evere than the effect on U1A Clearly, the way both proteins 
und their cognate RNAs is highly similar as might be expected 
rom the great homology between U1A and U2B" on one hand 
nd between their binding sites on the other hand (2,7) 
In several double point mutants Lys and Arg residues have 
een changed (e g K28, K50, R52, K60, R70 and K80, see Table 
) Some of these positively charged residues may interact with 
lie phosphate backbone Nagai et al (19) reported the effect of 
eplacing Lys and Arg residues in the RNP domain by Gin The 
eplacement of Arg on position 52 abolished RNA binding, the 
eplacement of K50 and K80 reduced RNA binding affinity and 
he replacement of K28, K60 and R70 had no significant effect 
m Ul RNA binding These results are in good agreement with 
»ur results shown in Table 1 It seems that the reduced RNA 
iinding affinity of double point mutants A50/51, A52/53 and 
V80/81 is at least partially caused by the replacement of a 
lositively charged amino acid which may be directly involved 
η Ul RNA binding 
Several mutants with insertions in the RNP domain were tested 
η the RNA binding assay The location of the inserted duplicated 
imino acids is of course not precisely known but can be predicted, 
it least in the cases where RNA binding is retained, by assuming 
hat the tertiary structure of the domain will remain largely intact 
η spite of the inserted amino acids and that the inserted amino 
icids will loop out at regions not involved in the formation of 
he /3-sheet or the α-helices Based upon this assumption the 
»redicted locations of the inserted amino acids in the mutants 
ire N-terminal of /31 strand in Ai(3-10), between the /31 strand 
ind the α-helix A in Ai(19-28), between the α-helix A and the 
Ì2 strand in Ai(29-38), between the α-helix В and the /94 strand 
η Ai(71 -80) and C-terminal from the /34 strand in Ai(93-102) 
see fig 5) The inserted amino acids in the mutants Ai(39—50), 
Vi(51 -60), Ai(51 -80), Ai(61 -70), Ai(61 -80) and Ai(81 -92) 
lave more than one predicted location However, in mutants 
^i(39-50) and Ai(51 —60) the inserted amino acids are probably 
ocated in the loop between /32 and 03 strand because of the 
lexibility of this loop (19) The extra loops containing the inserted 
imino acids may stencally hinder binding of Ul RNA The 
nsertion sites in the mutants which still are capable of binding 
Jl RNA, are therefore probably not directly involved in Ul RNA 
nnding These predicted sites are located N-terminal of /31, 
«tween /31 and α-helix A, between α-helix В and /34 and C-
erminal of /34 (see fig 5) Almost all these sites are located in 
ireas of the molecule distant from the area of the molecule which 
s thought to be important for the RNA binding (19) An exception 
s the loop between the /31 strand and the α-helix A (mutant 
4i(19—28)) which is very close to the loop between the /32 and 
Ì3 strands Previously, we have shown that the loop between 
he 02 and the /33 strand is essential for Ul RNA binding (7) 
Mutant Ai(29-38) binds only very weakly to Ul RNA The 
nserted amino acids in this mutant are probably positioned 
>etwecn the A α-helix and the /32 strand, which might suggest 
hat this region is involved in Ul RNA binding 
Only the internal duplication mutants Ai(39-50) and 
4(51-60) were not able to bind Ul RNA In these mutants the 
iserted ammo acids may be located in the loop between the /32 
nd the /33 strand which indeed is essential for Ul RNA binding 
7,8,19) Insertions at this position probably disrupt the structure 
equired for RNA binding 
When the RNP1 sequence in Ul A was replaced by the related 
J1-70K RNP1 sequence the binding to Ul RNA was abolished 
Four amino acids of U1A RNP1 differ from those of U1-70F 
RNP1 In the crystal smicture of the N-terminal fragment of Ul/ 
(19) two of these are part of the interior core (Val and Phe a 
position 57 and 59 which were replaced by De and Туг) and twc 
point into solution (Gin and De at position 54 and 58 which wen 
replaced by Tyr and Lys) The changes of the mward-pomtinf 
residues are rather conserved in contrast to the replacements о 
the other two This could mean that the two amino acids, Gln5^ 
and Пе58, which are on the protein surface, may be directly 
involved in specific interaction with the second hairpin of Ul 
RNA However, it remains possible that the replacement migh 
have a non-specific effect on RNA binding through altering th< 
conformation of the protein 
Replacements of parts of the RNP2 sequence in U1A by relatée 
U1-70K RNP2 sequences, IYI by LFV and NNL by ARV 
reduced the RNA binding affinity of U1A but did not changi 
the RNA binding specificity This indicates that the RNK 
sequence m UIA is less important for the RNA binding specificità 
and has probably mainly a structural role. 
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CHAPTER 5 
Conserved amino acid residues within and outside of the 
N-terminal ribonucleoprotein motif of U1A small nuclear 
ribonucleoprotein involved in U1 RNA binding. 
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Conserved Amino Acid Residues Within and Outside of the 
N-terminal Ribonucleoprotein Motif of U1A Small Nuclear 
Ribonucleoprotein Involved in Ul RNA Binding 
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By the uee of hybrids between a Ul email nuclear ribonucleoprotein (snRNP: U1A) and a 
U2 snRNP (U2B") we have identified regions containing 29 UlA-specific amino acid 
residues scattered throughout the 117 N-terminal residues of the protein, which are involved 
in binding to Ul RNA. The UlA-specific amino acid residues have been arbitrarily divided 
into seven contiguous groups. None of these groups is sufficient for Ul binding when 
transferred singly into the U2B" context, and none of the groups is essential for Ul binding 
in U1A. Several different combinations of two or more groups can, however, confer the 
ability to bind Ul RNA to U2B", suggesting that most or all of the UlA-specific amino acid 
residues contribute incrementally to the strength of the specific binding interaction. Further 
evidence for the importance of the UlA-specific amino acid residues, some of which lie 
outside the region previously shown to be sufficient for Ul RNA binding, is obtained by 
comparison of the sequences of human and Xenopus faevis UIA cDNAs. These are extremely 
similar (94-4% identical) between amino acid residues 7 and 114 but much less conserved 
immediately upstream and downstream from this region. 
Keywords: Ul small nuclear ribonucleoprotein; RNA-protein interaction; RNA processing; 
U1A protein; U2B" protein. 
U1A is specific for the Ul small nuclear ribo-
nucleoprotein (snRNPJ) particle, the latter being 
involved in the recognition of the 5' splice site of 
pre-mRNA introns (Steitz et al., 1988). This particle 
is composed of one molecule of Ul snRNA, a set of 
at least seven polypeptides common to the spliceo-
somal U anRNPs and, as well as U1A, two other Ul 
snRNP specific proteins, Ul 70K and UIC 
(Liihrmann, 1988). The binding site for U1A was 
found to be the second Ul hairpin by ¿та vitro studies 
(Lutz-Freyermuth & Keene, 1989; Patton et al., 
1989; Query et al., 1989; Scherly et al., 1989; Bach et 
al., 1990). Within the hairpin structure, the loop 
t Present address: University of Geneva, Department 
of Microbiology, Faculty of Medicine (C.M.U), Av. de 
Champel, 1211 Geneva 4, Switzerland. 
I Abbreviations used: snRNP, small nuclear 
ribonucleoDrotein: U1A. Ul snRNP A Drotein: U2B". 
sequence is essential for recognition by U1A 
(Scherly et al., 1989, 1990α). UIA is 282 amino acid 
residues long, and belongs to a family of RNPs that 
have in common one or more repeats of a motif 70 
to 90 amino acid residues long (Bandziulis et al., 
1989; Mattaj, 1989). UIA has two copies of the RNP 
motif, which lie between residues 12 to 84 and 210 
to 277, respectively. The first copy, plus a few 
amino acid residues on each side, was defined as the 
minimal protein element able to bind specifically to 
Ul RNA (Scherly et al., 1989), apparently with the 
same affinity as whole Ul A (Lutz-Freyermuth et al., 
1990; Nagai et al., 1990). 
Chimeric proteins between U1A and the closely 
related U2B" (U2B" is specific for the U2 snRNP 
particle) defined amino acids unique to one or other 
of the proteins that were important determinants of 
the specificity of interaction with Ul or U2 RNA 
(Scherly et al., 1990α). However, while amino acid 
residues 37 to 46 of U2B" were sufficient to confer 
1 « 102 142 205 2·2 
A В С D E 
(α) 
птгп г*і ι—ι πι MIMI r n π—-—ι ι ι ι ι ι ι7 I I II 
• • • • • • • • a · a 
MAVFIOTFNHTlrlNNIirailiaaEUaCSLYAIFSQFIKlIUHIiVSllSUQlRGQArVIFK^ 117 
ПИНИИ I IMI III IMI Hill II l l l l l l l l l l l l I Hill Milli l l l l l l l l l l l l l l l II HI I II I I I 
lOIRPNHTIYINMroXIiaaXUatSLYAIfSQreiVVDIVAIXTMlMffiQArVIFXEI^ 114 
KW aotif 
(b) 
• · · · · 
MSIQEVRPNNTIYINNLNEKIKKDELKKSLYAIFSQFGQILDILVSRNLK 50 
I I II I 11 111 II 111111 III 11111 III INI IMI 11 111 II 
MAVPETRPNHTIYINNLNEKIKKDELKKSLYAIFSQFGQILDILVSRSLK 
• · · · · 
MRGQAFVIFKETSSATNALRSMQGFPFYDKPMRIQYSKTDSDIIAKMKGT 100 
lllllllllll I I I I MI I I I I I I I I I I I I I I I I I M I M M I M M I 
MRGQAFVIFKEVSSATNALRSMQGFPFYDKPMRIQYAKTDSDIIAKMKGT 
FVERDRKRQEKRKVKVPEVQGVKNAMPGAALLPGVPGQMAAMQDMPGMTQ 150 
I lllllll IMI I I II I II II III 
FVERDRKR. EKRKPKSQETPATKKAVQGGGATPWGAVQGPVPGMPPMTQ 
APRMM. HMAGQAPYMHHPGMMPPPGMAPGQMPPGGMPHGQLMPGQMAPMQ 199 
MI I II II MI MI IMI IMI MI II lllllll I I 
APRIMHHMPGQPPYMPPPGMIPPPGLAPGQIPPGAMPPQQLMPGQMPPAQ 
PISENPPNHILFLTNLPEETNELMLSMLFNQFPGFKEVRLVPGRHDIAFV 249 
I 111 111 1111 11 II MI II 111111 II 11 II 11 MI I MI 1111 II 11 
PLSENPPNHILFLTNLPEETNELMLSMLFNQFPGFKEVRLVPGRHDIAFV 
EFDNEVQAGAARESLQGFKITQSNSMKISFAKK 282 
I M M I I M M I M I M M I I M I M M I 
EFDNEVQAGAARDALQGFKITQNNAMKISFAKK 
( e ) 
Figure 1. (a) A representation of the U I A sequence (Sillekene ei ai., 1987). Amino acid positions a t the ends of t h e 
various regions are indicated. Regions A and D are unique t o U1A while regions В and E are very similar t o t h e 
corresponding regions of U2B" . Region С shows intermediate conservation cf. U2B". (В) A comparison of t h e N-terminal 
sequences of (top) U l A and (bottom) U 2 B " (Sillekens el al., 1987; Habet« et al., 1987). Identical residues are marked with 
connecting lines. Groups of U l A-specific amino acid residues whose involvement in U l R N A binding have been tested 
»re indicated by brackets numbered 1 t o 7. T h e conserved R N P motif sequences are also bracketed. (C) U1A 
conservation. Comparison of t h e deduced amino acid sequences of h u m a n (Sillekens et al., 1987) and Xenopus laevia 
UIAs. The Xenopus sequence is on top . Identical amino acid residues are indicated with a connecting line. An X. loevis 
ovary cDNA library in Agtl l (constructed as described by Etzerodt et al., 1988) was screened with a 1209 b p ßcoRI 
fragment containing human U1A cDNA (Sillekens et al., 1987) as a probe. Prehybridization was for 2 h a t 54°C in 
2 χ SSC (SSC is 0 1 5 M-NaCl, 0-015 м-trisodium citrate, p H 7 0 ) , 5 x D e n h a r d t ' s solution, fri % (w/v) SDS, 5 т м - E D T A 
and hybridization for 17 h a t 54°C in 5 x S S C , 10 χ D e n h a r d t ' s solution, 20 т м - s o d i u m hydrogen phosphate (pH 7-0), 
1% ( w / v ) SDS, 50 mg sheared Herring testis cDNA/ml, 50 mg yeast RNA/ml, containing 2·5 x 10 ' disints/min m l - 1 
probe (specific act ivi ty 7-5 χ 10 8 d i s i n t s / m i n - ' / i g - 1 ) · T h e filters were twice rinsed in 3 x S S C , 5 χ D e n h a r d t ' s solution, 
20 т м - s o d i u m hydrogen phosphate, 5 % (w/v) SDS a t 54°C then incubated in the в а т е buffer for 30 min after each rinse. 
Following washing for 5 min a t 54°C in 3 x SSC, 1 % (w/v) SDS, t h e final step was a 60 min wash a t 56°C in I χ SSC, 1 % 
(w/v) SDS. Recipes for t h e buffers can be found in Maniatis et al. (1982). In all, 3 positive cDNA clones, ranging in size 
from 764 t o 1079 bp were sequenced by the dideoxynucleotide chain terminator method. T h e open reading frame encodes 
a protein 282 amino acid residues in length and is a composite of 2 cDNAs. Amino acid residues 1 t o 8 were present in 
only 1 cDNA while residues 9 t o 64 and 237 t o 282 were sequenced twice and residues 65 t o 236 were present in all 3 
cDNAs. The overlapping amino acid sequences from all cDNA clones were identical. T h e cDNA sequences have been 
deposited with the E M B L D a t a Library under t h e accession number X57953. 
amino acid residue swop did not confer Ul RNA 
binding specificity on U2B". Rather, the resulting 
protein did not bind RNA at all (Scherly et al., 
1990α). This was explained by proposing that either 
the recombinant protein was not able to fold 
properly or that binding to Ul RNA required more 
specificity information than that encoded by U1A 
amino acid residues 40 to 49. 
Comparison of U1A and U2B" (Sillekens et ai., 
1987; Habets et al., 1987) allows one to divide the 
U1A sequence into five regions (Fig. 1(a)). Two of 
these (A and D) are unique to Ul A while two (B and 
E) are highly conserved with respect to U2B" and 
are related to one another and to some other pro­
teins by the possession of a conserved RNP motif. 
Region С is distantly related to the corresponding 
part of U2B". To define which region of U1A was 
required to bind Ul RNA, we previously 
constructed a series of mutations in the cDNA of 
U1A. Each mutation contained a unique BamHI 
site which, subsequently, allowed the generation of 
N or C-terminal truncations or internal deletions 
(Scherly et al., 1989). In this way, region В was 
found to correspond closely to the minimal RNA 
binding element of U1A. To locate determinants of 
the binding specificity of U1A, hybrid constructs 
between U1A and the very similar U2B" were made. 
To this end, Bamili restriction sites were generated 
at the same relative locations in the U2B" cDNA 
and terminal or internal DNA segments were 
exchanged between U1A and U2B" cDNAs (Scherly 
et al., 1990α). Here, we continue the study of the 
UlA-specific sequences required for Ul binding 
using the streptavidin precipitation assay described 
previously (Scherly et al., 1989). Note that while 
Ul A is capable of specific RNA binding on its own, 
U2B" binds specifically to U2 RNA only in the 
presence of a second protein, U2A' (Scherly et al., 
1990o,6; Boelens et al., 1991; Fresco et al., 1991). 
The N-terminal 101 amino acid residues of U1A 
are sufficient for Ul RNA binding. We reported that 
a construct made of the first 101 amino acid residues 
of Ul A, in which residues 40 to 49 were replaced by 
the corresponding residues (37 to 46) of U2B", could 
no longer bind to Ul RNA but rather bound to U2 
RNA in the presence of U2A' (Fig. 2, construct 5t, 
Scherly et al., 1990ο). In contrast, the full-length 
version of 5t (Fig. 2, construct 5f) bound to Ul 
RNA in the absence of U2A' and equally to both Ul 
and U2 RNA in the presence of U2A' (Fig. 3(a), left 
panel, see also Scherly et al., 19906). The position of 
protein 5f in Figure 3(a) is shown by a white spot in 
the input (I) lane. The two smaller proteins, 
A(l-101) and B"(l-134), are internal specificity 
controls (arrowheads). A(l-101) binds to Ul RNA 
both in the presence and absence of U2A', while 
B"(l-134) binds to U2 RNA only in the presence of 
U2A'. U6 RNA is a negative control for substrate 
specificity (U6 lanes). The different binding be­
haviour of 5t and 5f suggested that amino acid 
residues 102 to 282 of U1A contained sequences that 
influence binding to Ul RNA. To locate these 
sequences, intermediate constructs between 5t and 
m Binding propwlkti 
и 
I -*• •«• 
α. ι 1 ι 1 
ζ Ul U3 Ut из 
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Figure 2. Hybrid proteine. A representation (to scale) 
of UIA, U2B" and hybrid derivatives 5f, 5/Smal, 5t, 5Δ1, 
5Δ2, 5Δ3, 6f, 14, 10 and 12. Open boxes represent U1A 
sequences, filled boxes U2B" sequences and hatched boxes 
the conserved RNP consensus sequence (RNP-CS, Adam 
el al., 1986). The RNA binding properties of the 
constructs are summarized at the right. More detailed 
information on relative binding strengths is given in the 
text. 
5f were generated (Fig. 2). Their binding was 
compared with that of construct 5f (Fig. 3(a)), 
which binds strongly to Ul snRNA and is not 
greatly affected by the presence of U2A'. Protein 
5/Smal is truncated at amino acid 141 and therefore 
lacks the C-terminal RNP motif and the proline/ 
methionine-rich segment unique to U1A (Fig. 1(a), 
regions E and D). In the RNA-binding assay, 
5/Smal behaves indistinguishably from 5f (Fig. 3(a), 
right panel, the 5/Smal protein is marked with a 
white dot in the input lane). Note that, because 
5/'Smal and the internal standard B"(l-134) are 
almost the same size, U2B" wild-type was used as a 
positive control for U2 RNA binding specificity in 
this experiment. Construct 5/Smal delimits a region 
involved in Ul binding to the amino acid residues 
between 102 and 141. These lie outside the 
sequences previously thought to be involved in 
interaction with the RNA. 
To confirm this finding, and to further narrow 
down the boundaries of this element, various 
internal portions were deleted from construct 5f to 
generate 5Δ1-5Δ3 (Fig. 2). The total deletion of 
amino acid residues 104 to 141 or 104 to 205 dimin­
ished considerably the binding to Ul RNA 
(Fig. 3(b) and (c), panels 5Δ2 and 5Δ3, compare 
with Fig. 3(a)), and this binding was further 
decreased in the presence of U2A' (Fig. 3(b), lanes 9 
and 12, Fig. 3(c), lanes 2 and 5). Note, however, that 
5Δ3 still binds to Ul RNA while 5t does not 
(Scherly et al., 1990α). Construct 5Δ1, where only 
amino acid residues 104 to 117 were deleted, 
behaved similarly to 5Δ2 and 5Δ3 (Fig. 3(b), lanes 2 
5f 
Ъ/Smal 
+A' +A' 
I U1 U2 U6 U1 U2 U6 I U1 U2 U6 U1 U2 U6 
V 
(a) 
5Δ1 5Д2 
•A' •A' 
I U1 U2 U6 U1 U2 U6 I U1 U2 U6 U1 U2 U6 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
( b ) 
5Δ3 
+A· »A' 
I U1 U2 U6 U1 U2 U6 I U1 U2 U6 U1 U2 U6 
• 
%0P '-г ШЯШI •••• HHHHHHI 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 
( С ) 
Fig. 3. 
•A' 
U1 U2 U6 U1 U2 U6 I 
14 
+A· 
U1 U2 U6 U1 U2 U6 
1 2 3 4 5 6 7 β 9 Ю 11 12 13 14 
( α ) 
10 12 
+A* •A' 
U1 U2 U6 UI U2 U6 I U1 U2 U6 U1 U2 U6 I 
• 9 
Ю 
11 12 13 14 
( b ) 
Figure 4. Further UlA-specific amino acid residues involved in Ul RNA binding. Binding properties of hybrids 
represented in Fig. 2. (a) 6f and 14, (b) 10 and 12. Substrates and conditions are the same as for Fig. 3. 
t o 7), suggesting t h a t residues 104 to 117 are 
involved in the U l binding interaction. Together 
with the above results, this suggests t h a t sequences 
between residues 104 to 117, as well as sequences 
within the C-terminal copy of the R N P motif, affect 
U l RNA binding. 
Since these regions had not previously been impli­
cated in RNA binding, and since all the results thus 
far were based on the 5f m u t a n t protein and its 
derivatives, we wished to provide independent lines 
of evidence t h a t amino acid residues C-terminal to 
the first R N P motif were involved in interaction 
with U l RNA. The first experiments involved the 
introduction of UlA-specific residues into U2B". 
Construct 6f (Fig. 2), the converse of 5f, did not 
bind either U l or U2 RNA (Fig. 4(a), lanes 1 to 6). 
Amino acid residues 104 to 282 of U1A were fused to 
the N-terminal 100 residues of construct 6f, gener­
ating construct 14 (Fig. 2). I n contrast to 6f 
(Fig. 4(a), lanes 1 to 6), construct 14 bound specifi­
cally to U l RNA (Fig. 4(a), lane 8). This binding to 
U l RNA is reduced in the presence of U2A' 
(Fig. 4(a), lane 11). A variant of construct 14 
(Ы/Smal), ending a t amino acid residue 141, 
Figure 3. Identification of U1A sequences outside of the RNP-80 motif involved in RNA binding. Binding properties 
of the hybrid constructs represented in Fig. 2. (a) constructs 5f and 5/SmaI, (b) 5Δ1 and 5Δ2, (c) 5Δ3. INPUT, (I), lanes 
show the amount of the test protein used per binding assay. For each protein, the binding to biotinylated Ul, U2 or U6 
RNA was tested in the absence or presence of U2A'. In addition to the test protein (white dot), U1A(1 to 101) and 
U2B"(1 to 134) (arrowheads) were used as internal controls for RNA binding specificity. In the b/Smal panel wild-type 
U2B" and not U2B" (1 to 134) was the internal control. 
behaved like construct 14 in the RNA binding assay 
(data not shown). This reinforced the suggestion 
that amino acid residues C-terminal to position 102, 
particularly, as defined above, those between 104 to 
117, were involved in Ul RNA binding. 
As a third line of evidence in support of this 
hypothesis we investigated the evolutionary conser­
vation of U1A. Since the binding site for U1A, the 
loop sequence of the second Ul hairpin, has been 
conserved in vertebrate evolution (Guthrie & 
Patterson, 1988) it might be expected that the 
region of U1A necessary for specific binding would 
also be conserved. We therefore wished to know if 
amino acid residues 104 to 117, or at least part of 
this sequence, had been maintained in another 
vertebrate. Several cDNAs of Xenopua U1A were 
cloned and sequenced. The deduced amino acid 
sequence of Xenopua UIA is shown in Figure 1(c): 
upper line. Comparison with the predicted sequence 
of human U1A (Sillekens et al., 1987, Fig. 1(c), lower 
line) revealed that regions B, D and E (Fig. 1(a)) 
had been highly conserved while region A and part 
of region С were much less similar in the two 
sequences. Of interest here is region C, which lies 
between amino acid residues 102 and 142. The 
experiments described above suggested that part of 
this region (residues 104 to 117) contained sequences 
that had a role in RNA binding. The conserved part 
of region С (up to and including residue 114) corre­
sponds very closely to the functionally defined 
sequence, providing support for the notion that this 
region of the protein plays an important role. 
The results presented above, together with 
previous data (Scherly et al., 1990α,6), suggested 
that groups 2, 3, 4 and 7 of the UlA-specific amino 
acid residues (Fig. 1(b)) played a role in Ul recogni­
tion. In order to find out if this was true also for the 
remaining UlA-specific sites in the conserved motif 
(regions 5 and 6, Fig. 1(b)), two further hybrid 
proteins were made. Constructs 10 and 12 contain, 
respectively, amino acid residues 40 to 69 and 40 to 
91 of Ul A. Compared with 6f, construct 10 contains 
three additional UlA-specific amino acid residues 
(region 5, Fig. 1(b)). These are sufficient to allow 
weak binding to Ul RNA in the absence of U2A' 
(Fig. 4(b), lane 1) and to both Ul and U2 RNAs in 
the presence of U2A' (Fig. 4(b), lanes 4 and 5). 
Construct 12 showed the same qualitative binding 
specificity as construct 10, but bound Ul RNA 
more strongly (Fig. 4(b), lanes 8 to 14). These 
results define a role for the UlA-specific amino acid 
residues in regions 5 and 6 in Ul RNA binding. 
The results presented thus far were qualitative in 
nature. In order to obtain a more quantitative 
measure of the relative binding to Ul of the mutant 
proteins, competition experiments were carried out. 
ША, synthesized in Escherichia coli, was purified 
and added to the binding reactions. The amount of 
bacterial U1A required to reduce the Ul 
RNA-bound fraction of radiolabelled wild-type or 
mutant U1A to 50% was determined. Setting the 
amount required for wild-type U1A (37 ng) arbi­
trarily as 1, the relative values for mutants 5f, 12 
and 14 were 031, 027 and 0-24, respectively. On 
this scale, the values for 5Δ1-Δ3 and for mutant 10 
were below 0-10 but were too close to background to 
allow accurate determination. 
In this and earlier work (Scherly et al., 1990o,6), 
the influence of the seven groups of UlA-specific 
amino acid residues indicated in Figure 1(b) have 
been tested in two ways. First, they have been 
replaced in U1A by the corresponding U2B" 
residues to determine whether they are essential for 
Ul binding and second, they have been substituted 
into U2B" to determine whether they are sufficient 
to confer the ability to bind Ul RNA on U2B". The 
conclusions can be summarized as follows. 
Exchange of many (groups 2 to 7) of the U1A amino 
acid residues by the corresponding residues from 
U2B" decreases binding to Ul RNA. However, none 
of the UlA-specific amino acid residues is essential 
for Ul binding, and none of the individual groups, 
when transferred into U2B", is sufficient to confer 
the ability to bind Ul RNA on that protein. What 
emerges from the results is, rather, a picture in 
which most or all of the UlA-specific amino acid 
residues have an additive effect on Ul RNA 
binding. 
It is very unlikely that all the UlA-specific 
residues contact RNA, since they are widely scat­
tered throughout the recently determined tertiary 
structure (Nagai et al., 1990). Some of the 
UlA-specific amino acid residues are likely to have 
an influence through their effect on the conforma­
tion of the RNA-binding domain. On the other 
hand, in the only crystal structure of an 
RNA-protein complex available to date, that 
between glutaminyl-tRNA synthetase and its 
cognate tRNA (Rould et al., 1989), many 
protein-RNA contacts exist over a large interface 
between the components of the complex. Our results 
could suggest that something similar may be true 
for the U1A-U1 RNA complex. These two possible 
explanations of our data are obviously not entirely 
mutually exclusive. 
In contrast to the situation with U1A, previous 
results suggest that the U2 complex with U2B" or, 
more correctly, with U2B" + U2A' (Scherly et al., 
1990ο,6), is much more dependent on a single region, 
region 4, of U2B" (Fig. 1(b)). All proteins that 
contain U2B" region 4 bind to U2 RNA in the 
presence of U2A'. Although constructs 10 and 12, 
which do not contain region 4, can bind to U2, they 
do so only very weakly. This suggests that region 4 
is the dominant U2B"-specific sequence responsible 
for U2 binding, and that other sequences that may 
play a role have a more minor function than do the 
corresponding parts of U1A in Ul RNA binding. 
The structure of the N-terminal RNP motif of U1A 
(Nagai et al., 1990) shows that many of the residues 
of region 4 are likely to be on the surface of U2B", 
and thus raises the possibility that at least some of 
them may directly contact RNA. 
A surprising result of this study was that U1A 
residues C-terminal to residue 102 were shown to 
affect Ul RNA binding. This was unexpected in the 
light of previous findings (Scherly et al., 1989; 
Lutz-Freyermuth et al., 1990; Nagai et al., 1990), 
which suggested that, maximally, residues 1 to 102 
were required for U l RNA binding with the same 
affinity as intact U1A. However, comparison of the 
Ul binding of proteins 5f and 5t and of 14 and 6f 
provided strong evidence for the influence of more 
C-terminal sequences. Different deletion derivatives 
of 5f were used to identify residues 102 to 117 and 
region E (Fig. 1(a)) as being responsible. 
Eight of the 11 amino acid residues between 104 
and 114 are positively charged, suggesting that they 
might contact the phosphate backbone of the RNA. 
Further support for the notion that these amino 
acid residues are important for U1A function, and 
most likely as part of a domain stretching from 
residues 7 to 114, came from comparison of the 
human and Xenopuê UIA sequences. These residues 
mark sharp boundaries of a region showing an 
extremely high level of conservation between the 
two proteins. Also strongly conserved are the 
UlA-specific proline and methione-rich region D, 
and the C-terminal copy of the R N P motif (region 
E, Fig. 1(a)). Again, this suggests that these parts of 
U1A may have important functions. Although 
region E contains a copy of the R N P motif, there is 
as yet no evidence that it can bind to RNA on its 
own (Scherly et al., 1989). It may be that it 
influences the conformation of the N-terminal 
domain and thus, indirectly, interaction with Ul 
RNA. 
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The U2 snRNP contains two specific proteins, U2B" and 
U2A'. Neither of these proteins, on its own, is capable 
of specific interactions with U2 RNA. Here, a complex 
between U2B" and U2A' that forms in the absence of 
RNA is identified. Analysis of mutant forms of U2B" 
shows that the smallest fragment able to bind specifically 
U2 RNA (amino acids 1-88) is also the minimal region 
required for complex formation with U2A', and implies 
that this region must be largely structurally intact for 
U2A' interaction. Although this truncated U2B" fragment 
is capable of making specific protein-RNA and 
protein-protein interactions its structure, as measured 
by the ability to bind to U2A', appears to depend on the 
rest of the protein. Hybrids between U2B" and the closely 
related U1A protein are used to localize U2B" specific 
amino acids involved in protein-protein interaction. 
These can be divided into two functional groups. U2A' 
interaction with U2B" amino acids 37—46 permits 
binding to U2 RNA whereas interaction with U2B" 
specific amino acids between positions 14 and 25 reduces 
non-specific binding to Ul RNA. These two proteins may 
serve as a general example of how RNA binding may be 
modulated by protein-protein interaction in the 
assembly of RNPs, particularly since the region of U2B" 
involved in interaction with U2A' consists mainly of a 
conserved RNP motif. 
Key words: protein—protein interaction/protein—RNA 
interaction/RNA processing/U2 snRNP 
Introduction 
RNA—protein complexes, also called ribonucleoprotein 
(RNP) particles, are abundant and play important roles in 
DNA, RNA and protein metabolism (see e.g. Dreyfuss et 
ai, 1988, for a recent review). They can be formed of 
multiple proteins and RNAs (ribosome, spliceosome), 
multiple proteins with one RNA (SRP, snRNP) or one 
protein with one RNA (tRNA-aminoacyl-tRNA synthetase, 
RNase P). The architecture of the first two classes of RNPs 
is maintained by both protein—protein and RNA—protein 
interactions. The molecular nature of those interactions is 
poorly understood but, with the number of known RNPs 
increasing rapidly, some common motifs which may be 
involved have been discovered. 
The best characterized protein motif (for reviews see 
Bandziulis et al., 1989; Mattaj, 1989) consists of ~ 80 amino 
acids. First called the RNA binding domain (Dreyfuss et al., 
1988) it was later also named the RNA recognition motif 
(RRM) (Query et al., 1989) or the RNP-80 motif (Scherly 
et al., 1989). Within this motif, the most conserved sequence 
is a segment of eight amino acids called the RNP consensus 
sequence (RNP-CS, Adam et al., 1986) or RNPl (Dreyfuss 
et al., 1988). For three snRNP proteins that are members 
of this family, U1 70K (Query et al., 1989), UIA (Scherly 
et al., 1989) and U2B" (Scherly et al., 1990), it has been 
shown that the RNP-80 motif is part of the minimal protein 
element able to bind specifically to-RNA. A major deter­
minant of both U1A and U2B" RNA binding specificity has 
been located immediately N-terminal to the RNP-CS (Scherly 
et al., 1990), which is one of the most variable regions when 
RNP-80 motifs are compared (Bandziulis et al., 1989; Query 
et al., 1989). In contrast to 70K and UIA, U2B" requires 
a second protein, U2A', to bind specifically to U2 RNA. 
In the absence of U2A', U2B" binds RNA non-specifically 
(Scherly et al, 1990). 
Since there is no example in which the molecular basis 
of protein-protein interaction between RNP proteins and 
the resultant effects on RNP assembly is well understood, 
a detailed examination of the U2B" -U2A' interaction has 
been undertaken. Using rabbit antibodies raised against 
recombinant U2A', we show that U2B" and U2A' form a 
complex in the absence of RNA. Amino acids 1—88 of 
U2B", corresponding to a copy of the RNP-80 motif together 
with a few additional amino acids, are defined as the minimal 
protein element which can bind to U2A'. U2A' is shown 
to modulate the binding of U2B" to RNA in two ways. First, 
the interaction is essential for specific binding to U2 RNA. 
Second, U2A' decreases the binding of U2B" to Ul RNA. 
These two effects of U2A' are shown to be separable and 
to be due to interaction with different regions of the minimal 
RNA binding segment of U2B". 
Results 
An intact RNP motif is required for interaction of 
U2B" with игл-
То analyse the interaction of the U2B" and U1A snRNP 
proteins with their cognate RNAs, we previously constructed 
a series of mutant forms of both cDNAs. The primary 
mutations were made by generating unique ВатШ restric­
tion sites, which subsequently allowed the construction of 
N- or C-terminal deletions, internal deletions or hybrids 
between the Ul A and U2B" cDNAs (Scherly et al., 1989, 
1990; W.B. and D.S., unpublished data). The U2B" deriva­
tives in which mutations had been introduced into the 
minimal RNA binding segment, amino acids 1 -88, (Scherly 
et al., 1990) were translated in wheat germ extract (WGE) 
in the presence of [35S]methionine. Their association with 
in vitro made U2A' protein was tested by coprecipitation 
with U2A' using either of two specific anti-U2A' rabbit 
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Fig. 1. Protein-protein interaction between U2A' and radiolabelled 
U2B" point mutants. The amount of protein used per binding assay is 
shown in the INPUT panel. Uniabelled U2A' and radiolabelled U2B" 
ВатШ point mutants (see text) were synthesized separately in wheat 
germ extract. Each U2B" derivative was incubated either alone 
( - lanes) or mixed with U2A' in a ratio of 1:1 (+ lanes). After 
incubation, the protein complexes were immunoprecipitated with a 
rabbit anti-U2A' antibody coupled to protein-Α sepharose beads. 
Proteins were released by boiling in SDS-PAGE sample buffer and 
analysed by SDS-PAGE. The protein derivatives analysed are 
indicated. UlAwt protein was used as a negative control (lanes 3 and 
4) and U2B"wt as a positive control (lanes 1 and 2). 
antisera. The antibodies were raised against recombinant 
U2A' protein produced in Escherichia coli (as described in 
Materials and methods). In the following figures the relative 
amounts of input protein are shown together with the protein 
immunoprecipitated either in the absence (—) or presence 
( + ) of added, unlabelled U2A' protein. 
U2A' and U2B" are found associated within U2 snRNP 
particles in vivo. However, in vitro, U2B" forms a specific 
complex with U2A' in the absence of U2 snRNA, as shown 
by the fact that it is immunoprecipitated by anti-U2A' 
antiserum in the presence of added U2A' protein (Figure 
1, lane 2) but not in its absence (Figure 1, lane 1). As a 
specificity control, the interaction of the closely related U1A 
protein with U2A' was tested and found to be negative 
(Figure 1, lanes 3 and 4). In the U2B" point mutants two 
amino acids, whose positions are indicated by numbers, were 
substituted by glycine and serine. Of the mutants only three, 
B"9/10, B"25/26 and B"77/78, did not associate with U2A' 
and one, B"7/8, reproducibly bound more weakly (Figure 
1, lane 8). These four mutants are incapable of binding to 
U2 RNA in vitro while the other eight mutants can either 
bind both to U2A' and to U2 RNA or can still bind to U2A' 
but not to U2 RNA (Figure 1 and W.B. and D.S., un­
published data). 
A protein consisting of only the first 88 amino acids of 
U2B" can still bind specifically to U2 RNA (Scherly et al., 
1990). The minimal RNA binding protein segment was also 
found to be capable of specific interaction with U2A' (Figure 
2a, compare lanes 7 and 8 with lanes 1—6). The signal 
coming from B"(l— 76) and shorter derivatives is back­
ground binding to protein A—sepharose beads and is 
unaffected by the addition of U2A'. It was previously 
• — 
Fig. 2. Protein-protein interaction between U2A' and truncated U2B" 
derivatives. The amount of protein used is shown in the INPUT panel. 
U2B"wt and each truncated derivative appear as a doublet (white 
dots). The reason for this has not been studied in detail, but appears to 
be due to upstream initiation at a non-methionine codon in vitro 
(unpublished observations). (A) The truncated U2B" proteins were 
tested in the presence and absence of added U2A' protein as described 
in Figure 1. To illustrate the difference in binding efficiency between 
U2B"(l-98) and U2B"wt, lanes 11, 12, 9' and 10' show a shorter 
exposure of the relevant lanes of the same gel. (B) The effect of U2 
RNA on interaction between U2B"wt and truncated U2B" derivatives 
with U2A'. U2 RNA was (lanes +U2) or was not (lanes -U2) added 
to the indicated protein mixtures. These were then immunoprecipitated 
with anti-U2A' antibodies as described. 
reported that U2B" 1-98 bound U2 RNA more strongly 
than U2B" 1-88 (Scherly et al., 1990). As seen in lanes 
7 — 10 the longer truncated derivative also interacts more 
strongly with U2A', which may explain its higher affinity 
for U2 RNA. 
Next, a series of deletions, each 10 amino acids long, were 
made throughout the first 90 amino acids of U2B". None 
of the deletion mutants was capable of interaction with U2A' 
(data not shown). This indicated that the intact structure of 
the minimal RNA binding segment was both required, and 
sufficient, for complex formation with U2A'. However, this 
interaction was rather weak. When compared with U2B" 
wild-type (wt), the binding of the truncated derivatives of 
U2B" was much reduced (Figure 2a, lanes 11, 12, 9' and 
10')· The position of the B"l-98 protein, which is not 
visible at this level of exposure, is marked by an arrow. This 
was somewhat surprising because we have previously shown 
that the truncated U2B" proteins bound to U2 RNA 
indistinguishably from U2B"wt (Scherly et al., 1990). We 
therefore tested the effect of adding U2 RNA to the 
protein—protein interaction assay. U2B"wt was immuno­
precipitated either from a standard protein-protein inter­
action assay or one to which U2 RNA had been added 
(Figure 2b, lanes 5 and 6). In the presence of RNA U2B"wt 
was immunoprecipitated by anti-U2A' antibodies to a slightly 
reduced extent. In contrast, the addition of U2 RNA 
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Fig. 3. Diagrammatic representation of U1A, U2B" and hybrid proteins 4, 5t and 5f. U1A protein segments are represented by open boxes, U2B" 
protein elements by black boxes. The conserved RNP consensus sequence (RNP-CS) is represented by a box with diagonal lines and the major 
determinant of U2B" RNA binding specificity by a grey box. The N-terminal sequence of the indicated proteins is shown. In this region the main 
differences between U1A and U2B" are grouped in three areas marked 1, 2 and 3. The RNA binding and U2A' association properties of the 
indicated mutants are listed. In the case of RNA binding only strong interactions are listed. Weak binding is discussed in the text. The RNA and 
protein binding levels of constructs 5f and 4 are the references for the values assigned to the other constructs. 
increased considerably the binding of В"(1-88) and 
B"(l -98) to U2A' (Figure 2b, compare lanes 1 with 2 and 
3 with 4. The left and right panels of Figure 2b are long 
and short autoradiographic exposures of the same gel). This 
effect was only observed when either U2 RNA or U 1.4, a 
mutant of Ul RNA which binds to U2B" (Scherly et ai, 
1990) were added. Other RNAs like Ul, U6 or tRNA had 
no effect on the interaction (data not shown). This result is 
discussed further below. 
Two amino acid changes in U1A allow U2A' 
interaction 
Chimeras between the U1A and U2B" proteins defined a 
small region of U2B" (amino acids 37—46, grey boxes in 
Figure 3) as being a major determinant of the specificity of 
interaction with U2 RNA. When exchanged into UIA 
(Figure 3, 5t; construct 5 in Scherly et al., 1990) it allowed 
binding to U2 RNA in the presence of U2A'. As expected, 
5t (data not shown) and the full-length version of it, construct 
5f (Figure 3), were able to interact with U2A' (Figure 4, 
lane 2). 
The binding of construct 5f to U2A' was, however, 
reproducibly weaker than the binding of construct 4 (Figure 
4, compare lanes 2 and 4) or of U2B"wt (Figure 4, lane 
20). Construct 4 consists of the N-terminal 56 amino acids 
of U2B" joined to the corresponding C-terminal portion of 
U1A (Figure 3). This suggested that the part of U2B" 
N-terminal to amino acid 37 was also involved in U2A' 
binding. The differences between constructs 5f and 4 can 
be grouped into three regions (denoted 1 —3 in Figure 3). 
To test the involvement of the amino acids in these regions 
in interaction with U2A', we systematically exchanged the 
U1A specific amino acids in construct 5f for those of U2B", 
either singly or in combination, resulting in a progressive 
conversion of construct 5f into construct 4 (Figure 3). The 
exchange of region 1 (construct 5.1) or 2 (construct 5.2) 
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Fig. 4. Protein-protein interaction between U2A' and N-terminal 5f 
mutants. The amount of radiolabelled proteins used is shown in the 
INPUT panel. The protein binding behaviour of the mutants listed in 
Figure 3 is shown. The presence or absence of U2A' in the 
immunoprecipitation is indicated by the + or - sign above each lane. 
had little or no effect on the binding to U2A' in the 5f 
background (Figure 4, lanes 6, 8 and 12). However, the 
exchange of region 3 (construct 5.3) increased the binding 
capacity of 5f to the same level as construct 4 (Figure 4, 
compare lanes 10 and 4). To determine if the two amino 
acids of U2B" (E21 and R25) introduced in construct 5.3 
were sufficient to allow an interaction with U2A', the same 
two amino acid substitutions were made in Ul A wt (construct 
A.3). Mutant A.3, identical to U1A wt at all but these two 
amino acid positions, bound strongly to U2A' (Figure 4, 
lane 26). The effect of altering the U1A amino acids of 
68 
region 2 to those of U2B" (construct A.2, lane 24) also 
allowed U2A' binding, although more weakly. Why the 
effect of changing M14 and D16 should be more easily 
detectable in A.2 than in 5.2 or 5.1 +2 using this assay is 
not known. Thus, amino acids E21 and R25 of U2B" play 
a major role in promoting the interaction between U2B" and 
U2A'. However, constructs 5f and A.2 show that M14, D16 
and U2B" specific amino acids between positions 37 and 
46 also influence the interaction. 
Protein - protein interaction and RNA binding 
Having shown that the A.2 and A.3 proteins could bind to 
U2A', we wished to test if the presence of the U2B" amino 
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acids, or complex formation with U2A', also enabled the 
mutants to bind U2 snRNA. In the streptavidin precipita­
tion assay described previously (Scherly et al., 1989) A.2 
and A.3 bound specifically to Ul RNA in the absence of 
U2A' (Figure 5a, lanes 2 and 9). The position of the two 
proteins is shown by a white spot in the input [I] lanes, the 
two smaller proteins A(l -101) and B"(l -134) are internal 
specificity controls (arrowheads). A(l-101) binds to Ul 
RNA both in the presence and absence of U2A' while 
В"(1 -134) binds to U2 RNA but only in the presence of 
U2A'. In the presence of U2A', the binding of both A.2 
and A.3 to Ul RNA is reduced (Figure 5a, lanes 5 and 12). 
However, neither protein bound to U2 RNA (Figure 5a, 
lanes 6 and 13). This indicated that U2A' interaction with 
the U1A mutants could reduce Ul RNA binding, but that 
the protein—protein interaction had no effect on the 
specificity of RNA binding. We wished to examine the role 
of U2A' in RNA binding in more detail, and for this purpose, 
made use of the mutant series shown in Figure 3. 
At one extreme of the series is construct 4, which includes 
the first 56 amino acids of U2B". As previously reported 
(Scherly et al, 1990) this protein binds strongly to U2 in 
the presence of U2A' (Figure 5b, lanes 10 and 13) and 
weakly to Ul on its own (Figure 5b, lane 9). This weak 
U1 interaction is further decreased in the presence of U2A' 
(Figure 5b, lane 12) but is still higher than the binding to 
the negative control, U6 RNA (Figure 5b, lanes 11 and 14). 
Similarly, a very low level of binding to U2 RNA is seen 
in the absence of U2A'. This may be due to the presence 
of a small amount of U2A' in the wheat germ extract. 
Alternatively, it is possible that the structure of construct 
4 allows for a very weak interaction with U2 in the absence 
of U2A'. 
At the other extreme of the series is 5f. This protein binds 
to Ul RNA in the absence of U2A' (Figure 5b, lane 2) and 
equally to Ul and U2 RNA in the presence of U2A' (Figure 
5b, lanes 5 and 6). This protein behaves differently from 
the previously described 5t (Scherly et al., 1990) which binds 
only to U2 RNA and requires U2A'. The reason for this 
difference is a region of U1A protein, present in the 
C-terminal portion of 5f, which has no detectable effect on 
the binding of Ul A itself to Ul RNA (Scherly et al., 1989) 
but which causes 5f, and a number of other UIA —U2B" 
hybrid proteins including construct 4, to bind to Ul RNA 
(D.S. and W.B., unpublished data). These two proteins were 
used as reference standards against which the extra U2B" 
amino acids present in mutants 5.1, 5.2 and 5.3 could be 
tested. Mutant 5.1 bound to RNA indistinguishably from 5f 
(Figure 5c, lanes 1—7) while mutants 5.2 and 5.3 bound 
with indistinguishable specificity, but with decreased affinity, 
compared with protein 4 (Figure 5c, lanes 8-21). Thus, 
the effects of two regions of interaction with U2A' can be 
distinguished. The weak interaction involving amino acids 
37 —46 is essential for U2 RNA binding while the stronger 
interaction, involving in particular E21 and R25, but also 
M14 and D16, has the effect of reducing the (non-specific) 
association with Ul RNA. 
Fig. 5.RNA-protein binding assay. The RNA binding behaviour of 
the indicated proteins is shown. INPUT (I) lanes show the amount of 
the test protein used per binding assay. For each protein, the binding 
capacity to biotinylated Ul, U2 or U6 RNA was tested in the absence 
or pre enee of U2A' protein. In addition to the test protein (white 
dot), 1A(1 -101) and U2B"(1 -134) (arrowheads) were used as 
internal controls for RNA bindine sDecificitv. 
Discussion 
The U2B" protein segment interacting with U2A' 
Previous in vivo studies had shown that the two U2 snRNP 
specific proteins, U2B" and U2A', join the RNP separately 
from the nre-assemhled 112 s n R N P core nrote.ins (for я 
6 9 
review see Mattai, 1988). However, the order of assembly 
and the intracellular location in which the U2 specific 
proteins join the particle was still uncertain. Recently (Feeney 
and Zieve, 1990) suggested that U2B" may assemble with 
the U2 core particle in the cytoplasm before it enters the 
nucleus and that U2A' then enters the particle in the nucleus, 
in the final step of U2 snRNP assembly. In apparent con­
trast with this we have previously shown that, in vitro, the 
association with U2A' is a prerequisite for specific binding 
of U2B" to U2 RNA (Scherly et al, 1990). In the same 
report we also showed that the N-terminal U2B" RNP-80 
motif (amino acids 9-81), plus a few amino acids on either 
side (amino acids 1—88), formed the minimal protein 
element to bind specifically to U2 snRNA. 
Using rabbit anti-U2A' antibodies we have now shown 
that U2B" and U2A' can form an immunoprecipitable 
complex in the absence of U2 RNA. The minimal segment 
of U2B" required for this complex was the same (amino 
acids 1 -88) as the minimal region able to bind to U2 RNA. 
Hybrid proteins between U2B" and U1A containing U2B" 
amino acids 59-225 did not detectably bind either to U2 
RNA (Scherly et al., 1990) or to U2A' (data not shown) 
implying that no U2B" specific amino acids downstream of 
position 59 are involved in the interaction. However, internal 
deletions of 10 amino acids each throughout the region from 
1-90 all abolished U2B" interaction with U2A' (unpub­
lished data) indicating that the structure of the whole region 
must be intact for U2A' binding. Of 12 double amino acid 
mutations spread throughout the first 88 amino acids, three 
abolished U2A' association: В"(9Л0), B"(25/26), B"(78/79) 
and one, В"(7/8), weakened it. While we believe that the 
effects of most of these mutations are likely to be due to 
non-specific structural effects, one mutation, B"(25/26), 
altered an amino acid that was shown to be of direct 
importance for the specificity of U2A' binding (see below). 
Truncated forms of U2B" (amino acids 1 -88 or 1 -98) 
bound less well to U2A' than did full-length U2B". The weak 
binding of the truncated proteins was improved greatly by 
the addition of U2 RNA, while this treatment had little effect 
on the U2A' binding of full-length U2B". Thus, although 
the N-terminal 88 amino acids of U2B" contain all the 
information required for specific interaction with U2A' 
protein and for U2 RNA binding, this protein segment seems 
to behave differently from the complete protein. Two 
explanations for this can be envisaged. The first is that U2A' 
forms stabilizing contacts with U2 RNA once both are 
associated with U2B", or at least with the truncated U2B" 
derivative. Since U2A' does not detectably bind to RNA in 
vitro (Scherly et al, 1990), we consider this possibility 
unlikely. A second possibility, that the structure of the 
N-terminal region adopts a different structure in the absence 
of amino acids 89-225, seems more likely. 
This implies that amino acids 1 —88 cannot be considered 
as an independent domain (Rossmann and Argos, 1981) 
within the U2B" protein, but rather their folding must depend 
upon amino acids 89-225. Since U2B"(1 -88) was capable 
of both U2A' and U2 RNA binding this is somewhat 
surprising and of interest for two reasons. First, it implies 
that detailed structural studies of isolated RNP motifs via 
NMR or X-ray crystallography may provide misleading 
information. Second, the 'cut and paste' approach to the 
analysis of functional 'domains' within proteins, e.g. tran­
scription factors, is in widespread use. Our results suggest 
that even functionine units within chimeric Droteins mav be 
structurally disturbed, and that caution is required when 
interpreting data from such hybrids. 
Two major elements; two different functions? 
We have recently shown that amino acids 37—46 of U2B" 
are able to confer specificity of interaction with U2 RNA 
when substituted into the U1A protein. In the same report, 
we noted that a construct having the first 34 amino acids 
of U2B" fused to the corresponding carboxyl segment of 
U1A protein (construct 3 in Scherly et al, 1990) had a 
reduced affinity for Ul RNA in the presence of U2A'. This 
was explained by proposing that the first 34 amino acids of 
U2B" interacted with U2A'. 
A fine dissection of this N-terminal region has confirmed 
this prediction and allowed the identification of U2B" amino 
acids E21 and R25 as having the greatest influence on U2A' 
association, although M14 and D16 also play a minor role. 
It is remarkable that the two most crucial discriminatory 
amino acids (E, R) are replaced in Ul A by the very similar 
D24 and K28. Making two highly conservative changes 
(D — Ε, К — R) within the Ul A protein allowed for strong 
interaction with U2A'. The resulting mutant (A.3), while 
able to bind strongly to U2A', did not bind U2 RNA although 
it showed reduced affinity for Ul RNA in the presence of 
U2A' (Figure 5a). This result provides strong support for 
the hypothesis that U2B", rather than U2A' is the protein 
which directly contacts U2 RNA (Scherly et al, 1990). 
In the absence of U2A', U2B" binds non-specifically to 
RNA. It displays similar affinity for Ul, U2 or U6 RNA 
(Scherly et al., 1990). Specific binding is conferred on U2B" 
by U2A' in two steps. The first step, caused by interaction 
with the U2B" specific amino acids between positions 37 
and 46, is sufficient to allow binding to U2 RNA in 
preference to e.g. U6 RNA. This is presumably the result 
of a conformational change in U2B" induced by contact with 
U2A'. However, when only this interaction is possible, 
strong binding to Ul RNA is still observed (Figure 5b). This 
remaining non-specific RNA binding is likely to be due to 
the close resemblance between U2 hairpin Г , the binding 
site of U2B", and the second hairpin of Ul RNA (Scherly 
et al, 1990). The second step, which results in the reduction 
of non-specific U1 RNA binding, is due to interaction of 
U2A' with the U2B" specific amino acids between positions 
14 and 25. This may be due either to a second conforma­
tional alteration in the U2B" protein or to steric hindrance 
of the interaction with Ul RNA. The interactions, and their 
effects on RNA binding, are summarized in diagrammatic 
form in Figure 6. Since, as mentioned above, the binding 
site of U2B" in U2 RNA is very similar to the second hairpin 
loop of Ul RNA, this additional discrimination is likely to 
play an important role in preventing non-productive binding 
of the U2B"-U2A' complex to Ul RNA. It is therefore 
possible to consider U2A' as being both an essential cofactor 
for U2B" binding to U2 RNA and a negative modulator of 
its interaction with Ul RNA. 
Secondary and tertiary structure models (Ghetti et al, 
1989, 1990) for the RNP-80 motif have been proposed. The 
model consists of a sheet of four antiparallel /3-strands behind 
which two intercalated α-helices are found. The sequence 
of those elements is βαββαβ. Although the second βαβ 
repeat does not seem to be present in U2B" (unpublished 
observations), Chou and Fasman (1978) secondary structure 
prediction suggests the presence of the first βαβ motif. 
Interestinelv. this would olace E21 and R25 next to each 
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Pig. 6. Schematic of the U2A'-U2B" interaction U2B" is 
represented by a black rectangle, U2A' by a spotted rectangle The 
proteins are not drawn to scale The RNP-CS is indicated by the 
diagonally striped box The two regions of interaction between U2A' 
and U2B" specific amino acids are shown, and the effect of the 
various possible interactions on RNA binding is given on the right of 
the figure 
other on the same face of a generally hydrophilic α-helix. 
Amino acids 37 -46 form the most hydrophobic stretch of 
the U2B" RNP motif and, if the model is correct, would 
be located at the end of the second /3-strand. 
The U2B" -U2A' complex and other RNP systems 
U2B" and U2A' now represent the best understood example 
of the involvement of protein—protein interaction in RNP 
assembly. However, they are by no means the only proteins 
which must form a complex before interacting with RNA. 
The signal recognition particle (SRP) is a cytoplasmic 
ribonucleoprotein which translocates nascent secretory 
proteins to the rough endoplasmic reticulum membrane. This 
RNP is made of six proteins and one RNA (7SL). The RNA 
binding of two SRP proteins, SRP9 and SRP14, shows 
similarity to U2B" and U2A' (Strub and Walter, 1990). 
Neither SRP9 nor SRP14 efficiently binds to RNA alone 
but, when mixed, they can form a complex which binds 7SL 
RNA efficiently and specifically. Like U2B" and U2A', 
SRP9 and SRP 14 can also form a complex in the absence 
of the RNA. Neither of the proteins, however, contains an 
RNP-80 motif, and the structural basis of their interaction 
is not understood. 
Another intensively studied RNP complex is the 30S 
subunit of the E.coli ribosome (for a review see Stern et 
ai, 1989). While two proteins, S18 and S6, seem to be 
interdependent for their binding to 16S RNA (Mizushima 
and Nomura, 1970) other examples of one protein being 
dependent on another have been shown not to be due to a 
requirement for protein—protein interaction per se, but rather 
to result from the fact that the binding of one protein induces 
a structural alteration of 16S RNA necessary to generate the 
binding site for the second protein. 
The region of U2B" required for interaction with U2A' 
lies within the conserved RNP motif. Many RNPs are 
complex, allowing for the formation of multiple protein-
protein interactions. Other members of the family of RNP 
motif-containing proteins may also use the same protein 
structural elements for protein—protein interactions. While 
the mutational analysis of U2B", U1A and UI 70K has 
yielded a certain amount of useful information, it is now clear 
that a structural analysis of both RNA-protein and 
protein—protein complexes via NMR or X-ray crystallo­
graphy is required in order to reveal the details of the 
interactions involving the RNP-80 motifs of the snRNP 
proteins. 
Materials and methods 
Antisera 
The £coRI restriction fragment of the U2A' cDNA (Sillekens et al, 1989) 
was subcloned into the Ecofü site of a T7 expression vector (Tabor and 
Richardson, 1985) The recombinant protein starts with a methionine and 
three additional amino acids coming from the vector, followed by 18 amino 
acids from the untranslated leader sequence of the cDNA and then by the 
entire U2A' coding sequence The E colt strain BL 21 LysS (Studier et 
al, 1990) was used Three hours after induction with IFTG, the cells were 
harvested, pelleted, resuspended in SDS-PAGE sample buffer and loaded 
on a preparative SDS- Polyacrylamide gel The band containing U2A' 
protein was excised from the gel, crushed and mixed with PBS buffer This 
colloidal solution was mixed with Freund's adjuvant and injected into two 
different rabbits following standard techniques To test the specificity of 
this antibody, we in vitro translated U2A', U2B" and U1A separately in 
the presence of [3iS]methiomne and performed immunoprecipilations with 
the rabbit anti-ША' antibody In the first rabbit anti-U2A' activity appeared 
coincident with anti-UIA and anti-U2B" activity In the second rabbit, after 
two negative bleeds and three bleeds which only recognized U2A', anti-
U1A and anü-ШВ" activity also appeared This was surprising since there 
is no obvious resemblance between U2A' and the other two proteins 
(Sillekens et al, 1987, 1989) For the experiments shown here we utilized 
either the U2A' specific bleeds from the second rabbit or serum from the 
first rabbit from which the anti-UIA and anti-U2B" antibodies had been 
removed by passage over an affinity column to which recombinant U1A 
protein, produced as described above, was coupled 
Plasmids 
The human U2A' cDNA (Sillekens, 1989) was subcloned as an £coRI 
restriction fragment into the £coRI site of pGEMl (PROMEGA) The entire 
human U1A cDNA (Sillekens, 1987) was inserted as an EcoRl-EcoRl 
fragment into pGEM-3z(+) (PROMEGA) vector from which the BomHI 
site was deleted by cutting the vector with HmcU and Smal and religation 
The human U2B" cDNA (Habets, 1987) was inserted as an EcoRl restriction 
fragment into the pBS( + ) (PROMEGA) vector from which the SomHI site 
was deleted as described for U1A subclone The orientation of all three 
cDNAs was such that transcription was under the control of the T7 RNA 
polymerase promoter 
The U2B" derivatives used in this work have been described (Scherly 
et al, 1990) Construct Sf is the full-length version of construct 5 m Scherly 
et al (1990) Constructs 5 1 ,52,53,5 1+2,5 1 + 3 , 5 2 + 3 , 5 . 1 + 2 + 3 
were made by site directed mutagenesis of construct 5f The U1 A( 102/103) 
clone (Scherly et al, 1989) was used to create mutants A 2 and A 3 
In vitro transcription and translation 
Messenger RNA for U2A' and U2B"wt or derivatives was produced m 
vitro using T7 RNA polymerase as described (Scherly et αϊ , 1989) These 
synthetic mRNAs were used for in vitro translation in wheat germ extract 
(WGE) as described (Scherly et α!, 1989) ША' was translated in the 
absence of radiolabelled amino acids whereas U1A and U2B" derivatives 
were synthesized in the presence of [35S]methiomne 
Protein - protein interaction assay 
Each new radiolabelled translation product was tested by SDS-PAGE for 
incorporation efficiency before the protein-protein interaction assay 
Usually, 1 μ\ of radiolabelled U2B" derivative was mixed with 1 μ\ of 
unlabelled U2A' and incubated for 30 nun at room temperature For testing 
the weak interactions of the truncated derivatives, a 10-fold volume excess 
of each truncated U2B" derivative was mixed with U2A' The binding 
solution was diluted with 500 μΐ of Ippl50 (150 mM NaCl/10 mM Tns-HCl 
pH 8 0/0 1 % v/v NP-40/0 1 % w/v sodium azide) and transferred to a tube 
containing - 20 μ\ of packed protein A -sepharose beads coupled to rabbit 
anti-U2A' antibodies The solution was mixed for 90 nun by rotating the 
tubes end over end at room temperature The beads were pelleted by 30 s 
centnfugation, the supernatant aspirated and the bead pellet washed three 
times with I ml Ippl50 by rotating for 10 min The bead pellet was 
resuspended in 25 μ] SDS-PAGE sample buffer, vortexed briefly and boiled 
for 3—5 nun After a brief centnfugation, the supernatant (-30 μΐ) was 
loaded onto an SDS-Polyacrylamide gel After electrophoresis the gel was 
treated with Entensify (NEN), dried by vacuum drying for 2 h at high 
temperature and exposed to Kodak XOMAT film at -80°C for 1 - 3 days 
RNA - protein binding assay 
The streptavidin precipitation assay described previously was used (Scherly 
et αϊ, 1989) Briefly, labelled U2B" derivatives with or without unlabelled 
U2A' were mixed with either biotinylated Ul, U2 or U6 RNA substrates 
After incubation, proteins bound to the RNA were precipitated with 
streptavidm coupled to agarose beads After several washes, the bead pellet 
was resuspended in SDS-PAGE sample buffer and boiled to release the 
RNA bound proteins The supernatant was fractionated by SDS-PAGE, 
fluorographed, dried and autoradiographed In each binding reaction the 
two following internal standards were used U1 A(l -101), a protein binding 
specifically to Ul RNA and U2B"(1 -134), a protein binding specifically 
to U2 RNA in the presence of U2A' (Scherly et al, 1989, 1990) 
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ABSTRACT 
The U2 snRNP complex contains two specific proteins, 
U2B" and U2A'. We have analysed the Interaction of 
U2A' with U2B" and with U2 RNA. U2A' can form an 
weak but detectable RNA-protein complex with U2 RNA 
and a stable protein complex with U2B". This protein-
protein complex binds efficiently and specifically to U2 
RNA. Binding experiments with mutant forms of U2A' 
shows that the region of U2A' essential for binding to 
U2B" is extensive, being located between amino acid 
position 1-164. The behaviour of the wild type U2A' 
protein, and in particular of a mutant version of the 
protein in which amino acids 3,4 and 5 are mutated, 
suggests that U2A' forms a weak interaction with U2 
RNA which helps to stabilize the U2A'-U2B"-U2 RNA 
complex. Mutants of U2 RNA were used to localize the 
region of U2 RNA important for interaction with U2A'. 
The results show that U2A' interacts with the stem of 
hairpin IV. 
INTRODUCTION 
RNAs do not exist in the cell as free RNA but function as 
ribonucleoprotein (RNP) particles (for review see 1). Some RNA 
binding proteins are able to bind a whole group of RNAs, e.g. 
the proteins that bind heterogeneous nuclear RNA (hnRNA) (2). 
Others are highly specific and bind to one type of RNA only, 
e.g. the U1-70K and U1A proteins which bind specifically to 
Ul RNA (3, 4). Some RNA binding proteins can bind to RNA 
on their own (e.g. U1-70K and U1A) but in other cases there 
is a requirement for more than one protein. Little is known about 
the details of protein-protein and protein-RNA interactions 
occurring in RNP complexes. A good model system to study this 
type of interaction is the U2 snRNP complex in which U2 RNA 
is associated with the U2-specific proteins U2A' and U2B" 
(5—7). Recently the molecular basis of the binding of U2B" 
protein to U2 RNA and to U2A' protein, respectively, has been 
reported (7,8). The results showed that U2B" is able to bind non-
specifically to several kind of RNAs, but in the presence of U2A' 
it binds specifically to U2 RNA. In the same studies the minimal 
segments of U2B" protein and of U2 RNA required for RNP 
complex formation were identified. The minimal segment of 
U2B" lies between amino acids 1 and 88 and contains one copy 
of the conserved RNP-80 motif (7), which has also been referred 
to as the RNA binding domain (2) or the RNA recognition motif 
(3). Hairpin IV of U2 RNA is the site of U2B" binding. The 
loop sequence of this hairpin is responsible for the specific binding 
of U2B" protein in the presence of U2A' since placing this loop 
sequence in the context of another U RNA generates a strong 
binding site for the U2B"-U2A' complex (7). Recently two 
elements of U2B" with different functions were found to be 
involved in the interaction with U2A' protein. One, between 
amino acid postions 37 and 46, permits specific binding to U2 
RNA while the other, situated between amino acid positions 14 
and 25, reduces non-specific binding to e.g. Ul-RNA (8). 
In this study we have analysed the binding of the U2A' protein 
to U2B" and to U2 RNA. U2A' contains a leucine-rich region 
in the amino-terminal half of the polypeptide and an acidic region 
at the carboxy-terminal end. In contrast to U2B", the U2A' 
protein does not contain a copy of the RNP-80 motif (11). 
Our results indicate that U2A' is able to bind in a specific 
manner to U2 RNA, albeit very weakly. Using mutant forms 
of U2 RNA and of the U2A' protein, the site of this interaction 
is localized to the stem of hairpin IV of U2 RNA. This interaction 
helps to stabilize the U2B"-U2A'-U2 RNA complex. 
U2A' binds very strongly to U2B" alone and to U2 RNA in 
the presence of U2B". We show that an extensive region of the 
protein (amino acids 1 —163) is required for this interaction, but 
even this large segment is insufficient to produce the wild-type 
level of binding, suggesting that the structure of much of the 
protein must be intact in order to allow the interaction with U2B". 
MATERIALS AND METHODS 
Plasmids 
The human U2A' cDNA (11) was subcloned as an EcoRI 
restriction fragment into the EcoRI site of pGEM 3Zf+ 
(Promega) vector from which the BamHI restriction site was 
removed by cutting the vector with BamHI, filling the recessed 
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3' termini and re-ligation. Single stranded DNA was produced 
with the helper phage M13K07 and point mutations were 
produced using the oligo-directed mutagenesis system kit from 
Amersham (U.K.). Since each mutation introduced a unique 
BamHI site, the mutation was checked by a BamHI-EcoRI 
digestion of the recombinants and subsequent sequencing of the 
mutated area. 
The human U2B" cDNA (10) was subcloned as an EcoRI 
restriction fragment into the EcoRI site of pGEM 3Zf +. The 
Ul and U2 derivatives used in this work have been described 
earlier (7). 
In vitro transcription 
To produce T7 messenger RNA for U2B", U2A' wild type and 
derivatives, 2/¿g of linearized (Hindin or BamHI) template was 
incubated at 37 °C for 60 min in a total volume of 50μ1 contaning 
40 mM Tris-HCl pH 7.9 /6 mM MgCl2/10 mM spermidine-
HC1/10 mM NaCl/2 mM dithiothreitol (DTT)/0.1 mg/ml 
BSA/60,tM GpppG/1 mM ATP, UTP, CTP, GTP/60 U RNase 
inhibitor (RNasin, Promega)/30 U T7 RNA polymerase 
(Promega). After incubation the non-incorporated nucleotides 
were removed with a G50 spin column, the RNA was phenol 
extracted and precipitated with 0.1 volume 3 M Na-acetate pH 
S.2 and 2.5 volume ethanol. The RNA pellet was resuspended 
in 10μ1 sterile water. Approximately 2/tg mRNA was synthesized 
with this method. 
Biotinylated U snRNAs were prepared as above except that 
ΙΟΟμΜ biotin-11-UTP (Enzo) was added to the transcription 
reaction mix. 
In vitro translation 
ï5S-labelled or 3H-labelled U2A' wild type and derivatives were 
made in wheat germ extract (WGE, Amersham U.K.) by 
translation of their corresponding T7 mRNAs. 200 ng T7 mRNA 
were incubated in a total volume of 30μ1 containing 15μ1 
WGE/120 mM K-acetate/67/iM of 19 amino acids mixture minus 
methionine or minus leucine together with either 30/tC 
L-[35S]methionine (1200 Ci/mmol, Amersham) or 30/tC 
L-[4,5-3H]leucine (120-190 Ci/mmol, Amersham). When cold 
U2B" was made, 30/tC [35S]methionine was replaced by 67/tM 
methionine. 
Binding assays 
Protein-protein binding 
Usually, 8μ1 KHN buffer (150 mM KC1/20 mM Hepes-KOH 
pH 7.9/0.05 % NP-40) was mixed with Ιμΐ of radiolabelled U2A' 
derivative and Ιμΐ of unlabelled U2B" and incubated for 60 min 
at 25 °C. After dilution with 500μ1 KHN buffer, the solution was 
transferred to a tube containing 15μ1 packed protein A-agarose 
beads (Biozym) coupled to anti-B' monoclonal antibody 4G3 (10) 
via rabbit-anti-mouse IgG (Dakopatts). The solution was mixed 
for 90 min by rotating the tubes end over end at room 
temperature. The beads were pelleted by centrifugation, the 
supernatant aspirated and the pellet washed three times with 1 
ml KHN buffer by rotating for 1 min. The beads were 
resuspended in 20μ1 SDS-sample buffer and boiled for 4 min. 
After a brief centrifugation, the supernatant was loaded onto an 
SDS-polyacrylamide gel. After electrophoresis the gel was 
incubated with dimethylsulfoxide (DMSO, 2x 30 min), 16% 
(w/v) 2,5-diphenyloxozal (PPO) in DMSO (1 X 60 min), water 
(3x 30 min), dried by vacuum drying for 2 h at 60°C and 
exposed to Kodak X-omat film at -80°C. 
Protein-RNA binding 
(A) Precipitation via U2B". The same protocol as for protein-
protein binding was used except that 1/tl of a solution with 20 
ng/μΐ Ul or U2 derivative and 2^/μ1 E.coli tRNA was added 
to the incubation mixture. 
(B) Precipitation via biotinylated Ul or U2 derivatives. 8μ1 
KHN buffer was mixed with Ιμΐ of in vitro made radiolabelled 
U2A' derivatives, Ιμΐ unlabelled U2B" and Ιμΐ 20 ng/μΐ 
biotinylated Ul or U2 derivative (in a solution with 2μ§/μ1 E.coli 
tRNA). After incubation for 60 min at 25°C the mixture was 
diluted with 500μ1 KHN buffer and transferred to a tube 
containing 15μ1 packed streptavidin-agarose beads (BRL) 
previously washed with KHN buffer. The solution was mixed 
for 90 min by rotating the tubes end over end at room temperature 
and further handled as described above in the procedure for 
protein-protein binding. 
RESULTS 
In vitro made U2A' binds weakly, but specifically, to U2 
snRNA 
Recently it has been shown that U2B" protein requires U2A' 
protein for specific in vitro binding to U2 snRNA. In the absence 
of U2A', U2B" binds non-specifically to RNA (7). We wished 
to establish assays to measure the interaction of U2A' with U2B" 
and U2 snRNA, in order to examine the behaviour of U2A' 
mutants (see below). To demonstrate that in vitro made U2A' 
protein associates efficiently with U2 RNA in the presence of 
U2B", radio-labelled U2A' protein was synthesized in wheat 
germ extract and incubated with biotinylated U2 snRNA 
A 
J Ì 2 E + и » ' 
Ul U1.4 U2 U1 U1.4 U2 I 
1 2 3 4 Б β 7 
В 
- U2B* + U2B-
U2 
Fig. 1. Protein U2A' binds U2 snRNA but requires binding to Ш В " for efficient 
U2 RNA interaction (A) Precipitation via biotinylated U-RNA Unlabelled U2B" 
and radiolabelled U2A' were synthesized separately in wheat germ extract Ш А ' 
was incubated in KHN buffer with U1, U1 4 and U2 snRNA (as indicated above 
each lane) either alone or mixed with U2B" in a ratio of 1 1. After incubation, 
the protein-RNA complexes were precipitated with streptavidin-agarose beads 
Proteins were released by boiling in SDS-PAGE sample buffer and analysed by 
SDS-PAGE In lane 7, 10% of the input protein (I) was loaded as a marker. 
The U1 4 mutant is U 1-snRNA in which the loop sequence of the second hairpin 
was changed into the loop sequence of the fourth hairpin of U2-snRNA (7) (B) 
Precipitation via U2B" Labelled U2A' was incubated in KHN buffer alone, with 
U2B" or with U2B" plus U2 RNA After incubation the protein complexes were 
immunoprecipitated with anu-B' monoclonal antibody 4G3 (10) coupled via rabbit 
anti-mouse IgG to protein-Α agarose beads Proteins were analysed as described 
above 
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transcripts in the absence and presence of unlabelled, in vitro 
made, U2B". The labelled RNA-bound U2A' protein was 
detected after precipitation of the biotinylated RNA with 
streptavidin linked to agarose beads (4). 
In the presence of U2B", U2A' association with U2 RNA or 
with U 1.4 RNA is readily detectable above the background level 
of non-specific binding to Ul RNA (fig. 1A lanes 4 to 6). In 
the U 1.4 mutant of Ul RNA the loop sequence of the second 
hairpin was changed into the loop sequence of the fourth hairpin 
of U2 RNA (7). In the presence of U2B", U2A' can be 
precipitated equally well by U2 RNA or U 1.4 RNA (fig. 1A 
lanes 5 and 6, see also ref. 7). This result is a confirmation of 
the fact that the main U2A'-U2B" binding site of U2 RNA is 
located in the loop sequence of hairpin IV. 
We have previously reported (7) that U2A' alone does not bind 
to U2 RNA. However, in the buffer conditions used here a 
consistent, but very weak binding of U2A' to U2 RNA in the 
absence of added U2B" was observed (fig. 1A, lanes 1 till 3). 
Under these conditions, binding to U 1.4 was identical to the non­
specific U1 background (fig. 1 A, lanes 1 and 2). Since the binding 
was not to the loop sequence of hairpin IV (see lane 2), and thus 
had a different specificity to that seen in the presence of U2B", 
it seemed possible that it might be due to direct U2A'-U2 RNA 
interaction. 
The increased non-specific precipitation of U2A' protein with 
Ul RNA after addition of U2B" (fig. 1A, lanes 1 and 4) is 
probably mediated by U2B" which has a tendency to bind non-
specifically both to the agarose beads and to Ul RNA (data not 
shown). 
U2A' and U2B" can form a complex in the absence of U. 
RNA. This was shown by immunoprecipitation of radio-labellei 
U2B" bound to U2A' with a U2A'-specific antibody (8). U2A 
can also be precipitated with the anti-B' monoclonal antibod; 
4G3 (10), after incubation in the presence of unlabelled U2B 
(fig. IB). The presence of U2 RNA during the incubation dii 
not enhance the U2A' signal (fig. IB, lane 3). 
Thus, assays have been established by which the interactioi 
of mutant U2A' proteins with U2B" protein and of the resultinj 
complex with U2 RNA can be measured. 
Interaction of U2A' point mutants with U2B" in the preseno 
or absence of U2 RNA 
Thirteen mutant forms of the U2A' cDNA were constructed b; 
generating unique BamHI restriction sites. As a consequence twi 
amino acids were substituted by glycine and serine in the mutar 
U2A' proteins (the positions of the substituted amino acids ari 
indicated by numbers). Only one mutant had an additional poin 
mutation, namely mutant U2A'3/4/5, in which the amino acii 
sequence from position 3 to 5 was changed from LysLeuThr inti 
MetGlySer. The interaction of the U2A' point mutants with U2B 
was tested by immunoprecipitation of radio-labelled U2A' poin 
mutants after incubation with (+) or without (—) unlabelled U2B 
using anti-B" monoclonal antibodies (fig. 2B). The binding о 
the point mutants to U2 RNA was tested by precipitation о 
biotinylated U2 RNA with streptavidin linked agarose beads, afte 
its incubation with a labelled U2A' mutant and non-labelled U2B 
(fig. 2C). As internal control, the deletion mutan 
ϋ2Α'(Δ225-244), which is able to bind to U2B" and to U! 
J I ! ! Ι Μ I I I I ! I ! 
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UI U2 UI U2 UI U2 UI U2 UI U2 U1 U2 UI U2 UI U2 UI U2 UI U2 UI U2 UI U2 UI U2 
Fig. 2. Interaction between radio-labelled U2A' point mutants and U2B" m the presence and absence of U2 RNA (A) The amount of radiolabelled U2A' protein 
used per binding assay (input) The numbers of each mutant indicate the position of the two amino acids which were changed into GlySer Note that mutant A '204/205 
showed an abberant and yet unexplained clectrophorelic behaviour. (B) Protein-protein interaction U2A' and U2B" interaction was tested in the absence of U2-snRNA 
Radiolabeled U2A' BamHI point mutants were incubated in KHN buffer cither alone ( - lanes) or mixed with U2B" in a ratio of 1 1 ( + lanes) After incubation, 
the protein complexes were immunoprecipitated with anli-B" monoclonal antibody 4G3 coupled via rabbit anti-mouse IgG to protein-Α agarose beads Proteins were 
analysed as described in the legend to fig 1 As a positive internal control deletion mutant ΙΙ2Α'(Δ225-244) was used (arrowhead) (C) Interaction of U2A' with 
U2B" in the presence of U2 RNA Each U2A' derivative was incubated in the presence of U2B" with biotinylated Ul RNA (Ul lanes) or biotinylated U2 RNA 
(U2 lanes) Internal positive control is U2A'(A225-244) (arrowhead) After incubation the protem-RNA complexes were precipitated with streptavidin-agarose beads 
and the proteins were analysed as described above 
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Fig. 3. Binding of truncated and internally deleted U2A' derivatives to U2B" and to U2 RNA in the presence of U2B". (A) The amount of C-terminally truncated 
U2A' protein used for the assay (input). (B) The C-terminally truncated U2A' derivatives were tested for binding to U2B" alone and to U2B" in the presence of 
U2 RNA by immunoprecipitation of the complex with the anti-B' monoclonal antibody 4G3 as described in the legend to fig IB. As a positive internal control wt 
U2A' was used (indicated by arrowhead). (C) The binding of the internally deleted U2A' derivatives to biotinylated Ul-RNA (Ul lanes) and biotinylated U2-RNA 
(U2 lanes) in the presence of U2B" was analysed as described in figure 1. As a positive internal control wt U2A' was used (arrowhead). 
RNA, was added (figs 2B and 2C arrowhead). Binding to Ul 
RNA was used as a control of specificity (fig. 2C). The relative 
amounts of input protein used for the assay are shown in the input 
panel (fig. 2A). 
Mutants A'64/65, A'84/85, A'104/105 and A'164/165 to 
A'244/245 were able to bind both to U2B" (fig. 2B) and to U2 
RNA in the presence of U2B" (fig. 2C). The mutants A'124/125 
and A'144/145 were not able to bind to U2B" nor to U2 RNA 
in the presence of U2B" (fig. 2B and 2C). Mutant A'3/4/5 
showed an unexpected behaviour. It did not bind U2B" in the 
absence of U2 RNA but could be precipitated via U2 RNA in 
the presence of U2B" (fig 2B and 2C). Mutants U2A'24/25 and 
U2A'44/45 were very difficult to analyse because their T7 
mRNAs translated very poorly giving rise to very low levels of 
protein (fig. 2A and unpublished data). However, on very long 
exposure of the gels, A'24/25 appeared to behave similarly to 
A'3/4/5 while A'44/45 did not bind either U2B" or U2 RNA 
(data not shown). 
A large portion of U2A', including the leucine-rich region, 
is required for RNA binding 
To define which region of U2A' was required for binding to U2 
RNA, truncated U2A' mutants were generated using the 13 
BamHI mutant forms of U2A' cDNA (fig.2). In the first type 
of experiment the binding of C-terminal truncated U2A' 
derivatives to U2B" and to U2 RNA in the presence of U2B" 
protein, was tested by co-precipitation with U2B" (fig. 3B). The 
negative control is the incubation without U2B" and the internal 
control is the full length U2A' protein (fig. 3B, indicated by an 
arrowhead). 
U2A' fragment containing the first 203 amino acids complexed 
efficiently with U2B" and U2B" plus U2 RNA. Deletion of the 
20 amino acids between 203 and 183 reduced this interaction 
considerably. A fragment of U2A' corresponding to the N-
terminal 163 amino acids, A'(l —163), was the shortest truncation 
mutant tested still able to bind to U2B" (fig. 3B). Further deletion 
beyond position 163 was not done because the A' mutant 
144/145, needed for this truncation, had already been shown not 
to be able to bind to U2B" or U2 RNA (fig. 2B and 2C). The 
addition of U2 RNA had a slight enhancing effect on the binding 
efficiency of the two shortest truncation mutants, suggesting that 
it could help to stabilize the weak U2B"-U2A' interaction formed 
with these mutants. 
An N-terminal deletion between amino acid positions 4 and 
25 destroyed the specific binding of U2A' to U2 RNA and U2B" 
(fig. 3C), the wild-type U2A' internal control is indicated with 
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Fig. 5. Diagrammic représentation of the effect of mutations in U2A' on binding 
to U2B" alone or in the presence of U2 RNA The region essential for U2B" 
binding (amino acid 1 -163) is cross hatched while the Leu neh region (amino 
acid 57-121) LS black Also the C-terminal acidic amino acid cluster is indicated 
Fig. 4. The influence of the slem of hairpin Г of Ш RNA (A) Determination 
which U RNA mutant stabilizes the binding of A'3/4/5 to ШВ" A'3/4/5 was 
incubated in the presence of U2B ' with several types of U RNAs (as indicated) 
After incubation the protein complexes were immunoprecipitated with the anti-
B' monoclonal antibody 4G3 The proteins were analysed as described above 
As a positive internal control deletion mutant U2A (Δ225-244) was used 
(arrowhead) (B) Location of the region of U2 RNA which stabilizes 
U2A'3/4/5-U2B" complex Mutant A'3/4/5 was incubated with U2B" and several 
deletion mutants of U2 RNA The U2 mutants are indicated according to which 
stem-loops they retained (III + Г , Г ) or which had been deleted (ΔΙΙΙ, ДГ ) 
After incubation the RNA protein complex was precipitated with anti-B" 
monoclonal antibody 4G3 and analysed as described above 
an arrowhead This result was not unexpected because the 
mutations in mutant A'3/4/5 and A'24/25, which were used to 
construct this deletion, had already a strong effect on the binding 
capacity of the mutants. Our conclusion is that the minimal 
segment of U2A' protein capable of binding specifically to U2 
RNA in the presence of U2B" lies between amino acids 1 — 163 
This region of U2A' protein contains the leucine-nch region, but 
not the C-terminal cluster of acidic residues (fig 5) 
We also tested U2A' mutants with deletions of 20 amino acids 
inside the leucine-nch region which are situated between positions 
whose mutation had not affected binding (figs 2B and 2C) None 
of these mutants were able to form a complex with U2B" and 
U2 RNA (fig 3C) This indicates that the leucine-nch region 
is important for the function of U2A' Deletions of 20 amino 
acids in the U2A' region shown not to be essential for U2 RNA 
interaction (amino acids 163—255) did not detectably affect U2 
RNA binding (the internal control in fig 2 and data not shown) 
Mutant A'3/4/5 requires the stem of U2 hairpin IV for 
complex formation 
Mutant A'3/4/5 did not bind to U2B" in the absence of U2 RNA, 
but when U2 RNA was present an RNP complex was formed 
(fig 2B and 2C, first two lanes) This effect might be due to 
either ι) a conformational change of U2B" caused by binding 
of U2 RNA to U2B", resulting in a stronger U2A'-U2B" 
interaction, or n) a direct interaction of U2A' with the RNA that 
stabilized the binding between U2A' and the U2-RNA-bound 
U2B" 
The wt U2A'-U2B" complex only requires the loop sequence 
of hairpin IV for binding (7, Fig 1) whereas U2A' interacts 
weakly with U2 RNA outside the loop sequence of hairpin IV 
(fig 1A) To distinguish between the possibilities raised above 
we tested whether the binding of mutant A'3/4/5 to U2B" was 
also dependent on U2 RNA regions outside the loop sequence 
of hairpin IV, using mutant Ul 4 (fig 4A) The negative RNA 
controls were Ul and U6 RNA, the positive control U2 RNA 
and the internal protein control was the deletion mutant 
Α'(Δ224-245) The results showed that mutant A'3/4/5 could 
not form a stable complex with Ul 4 RNA and as noted above 
it could form a complex with wt U2 RNA (fig 4A) A similar 
result was obtained with mutant U2A'24/25 (data not shown) 
This indicates that the stabilizing effect on the interaction of 
U2A'3/4/5 with U2B" is due to a structure within the U2 RNA 
which is located outside the loop sequence of hairpin IV, ι e 
that direct interaction between U2A' and U2 RNA stabilizes the 
U2A'-U2B" interaction 
To localize the U2 RNA region which is involved in this 
interaction more precisely, we used the U2A'3/4/5 mutant and 
four deletion mutants of U2 RNA (7) The U2 fragments were 
named according to which stem-loop they retained (III + Г and 
Г ) or which had been deleted (ΔΙΙΙ, ДІ ) The protein-RNA 
complex was precipitated with the anti-B' monoclonal antibody 
4G3 Deletion of hairpin III did not abolish U2A'3/4/5 binding 
(fig 4B) whereas RNA transcripts containing only hairpin IV 
showed normal complex formation with U2A'3/4/5 Thus the 
U2A' 3/4/5 mutant needs U2 hairpin IV to form a stable complex 
with U2B" These results, together with those in figs 2C and 
4A, indicate that the region of U2 RNA which stabilizes the 
U2A'3/4/5-U2B" complex is located in the stem of hairpin IV 
DISCUSSION 
Interaction of U2A' with U2B" 
U2A' can form a stable complex with U2B" in the absence of 
U2 RNA (8 and this paper). The minimal region of U2A' 
essential for binding to U2B" has been defined, and lies between 
amino acid positions 1 and 163. The binding efficiency of this 
U2A' fragment to U2B" is slightly increased when U2 RNA is 
present, suggesting that the conformation of U2A'(1 —163) is 
comparable, but perhaps not identical, to the N-terminal part of 
wt U2A' The strength of interaction between U2A' and U2B" 
is increased, and made independent of the presence of RNA, by 
additional amino acids which he between positions 183 and 203 
U2A'( 1 — 163) contains a leucine-nch region located between 
amino acid position 57 —121 Part of this region has a sequence 
with a remarkable periodicity, namely (LXX)8 Double point 
mutations inside the leucine-nch region did not markedly effect 
the binding of U2A' to U2B" and U2 RNA (fig 5), but deletions 
of 20 amino acids within the leucine-nch region abolished the 
8 0 
binding to U2B" and U2 RNA. It thus seems that the native 
structure of this region is important for the binding capacity of 
the U2A' protein. 
Amino acid substitutions at position 44/45, 124/125 or 144/145 
abolished the binding of U2A' to U2B" and U2 RNA. The effects 
of these mutations may be due either to non-specific structural 
effects or to the fact that these amino acids in U2A' make direct 
contact with U2B". 
Mutant U2A'3/4/5 showed an impaired U2A'-U2B" interaction 
such that it was only able to bind to U2B" in the presence of 
U2 RNA (fig. 5). This suggests that the N-terminal region of 
U2A' is involved in the interaction with U2B". Recently, two 
charged amino acids in the U2B" protein, E21 and R25, were 
identified as having a great influence on the association of U2B" 
with U2A' (8). Mutation of these amino acids, even the very 
conservative changes of Glu to Asp and Arg to Lys, significantly 
reduced the interaction. Similary, substitution of these two amino 
acids in the U1A protein (which is closely related to U2B" but 
does not bind to U2A') allowed the U1A protein to form a strong 
interaction with U2A' (8). Chou and Fasman secondary structure 
prediction (14) and comparison with the X-ray structure of the 
N-terminal region of the Ul A protein (15) suggests that E21 and 
R25 together with K24 are situated on the same face of a generally 
hydrophilic α-helix. According to Chou and Fasman secondary 
structure prediction, the N-terminal sequence 1 -14 of the U2A' 
protein may also form a α-helix structure with three charged 
amino acids, КЗ, E7 and ЕЮ situated in the α-helix (КЗ is one 
of the three amino acids changed in mutant A'3/4/5). 
Observations made by us using the computer-graphics program 
Insight Π/Discover (from Biosym Technologies Inc.), indicate 
that the charged amino acids КЗ, E7 and ЕЮ could potentially 
form an electrostatic interaction with respectively E21, K24 and 
R25 of U2B" (data not shown). So it seems possible that 
interactions between the two helices may be involved in 
U2B7U2A' complex formation. However, more and detailed 
structure information will be required to support this hypothesis. 
Interaction of U2A' with U2 RNA 
Our earlier experiments did not reveal a direct interaction of U2A' 
with U2 RNA (7). In this study however, we found that U2A' 
indeed can interact directly with U2 RNA, albeit very weakly, 
in buffers containing Hepes and Potassium salts rather than Tns 
and Sodium. The stem structure of hairpin Г is probably 
important in this interaction with U2A'. This was revealed by 
making use of the mutant A'3/4/5 which could only interact with 
U2B" in the presence of U2 RNA (fig. 4), indicating that the 
U2B"-U2A' interaction was disturbed but could be stabilized 
sufficiently to allow detection by the binding of U2 RNA. It was 
possible to determine that the U2 sequence required for this 
stabilization lies outside the loop sequence necessary and sufficient 
for binding the wt U2B"-U2A' complex (7) but within the region 
required for the (weak) binding of the wt U2A' protein on its 
own (fig. 1A). 
The stem of hairpin IV is not as highly conserved as the loop 
sequence of hairpin IV during evolution (12). For example, the 
only base-pairs which are conserved between Schizosaccharo-
myces pombe and human are G156-C173 and U155-G174 (13). 
This could indicate that the U2A'-U2 RNA interaction has not 
been conserved. 
The direct interaction of U2A' with the stem structure of 
hairpin Г probably has a minor role in the formation of the 
U2-RNP complex, since the U2B"-U2A' complex binds 
efficiently and specifically to the U1.4 mutant, which contains 
only the loop sequence of U2 hairpin Г . The proposed U2A' 
interaction with U2 RNA however, reveals the role of a weak 
interaction which stabilizes the protein-RNA complex. This is 
one of the many protein-RNA and protein-protein interactions 
whose sum results in the stability of the U2 snRNP particle. 
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Summary 
Human, mouse, and Xenopus mRNAs encoding the U1 
snRNP-speclflc U1A protein contain a conserved 47 nt 
region In their Э' untranslated regions (UTRs). In vitro 
studies show that human U1A protein binds to two 
sites within the conserved region that resemble, In 
part, the previously characterized U1 A-blndlng site on 
U1 snRNA. Overexpresslon of human U1A protein In 
mouse cells results In down-regulation of endogenous 
mouse U1A mRNA accumulation. In vitro and In vivo 
experiments demonstrate that excess U1A protein 
specifically Inhibits polyadenylation of pre-mRNAs 
that contain the conserved 3' UTR from human U1A 
mRNA. Thus, U1A protein regulates the production of 
Its own mRNA via a mechanism that Involves pre-
mRNA binding and Inhibition of polyadenylation. 
Introduction 
TheLH small nuclear ribonucleoprotein (snRNP) is one of 
a family of eukaryotic snRNPs that play an essential part 
in the removal of introns from messenger RNA (mRNA) 
precursors (for reviews see Green, 1991; Guthrie, 1991). 
One crucial role of U1 snRNP in splicing is its participation 
in the early events of intron recognition that commit introns 
to the splicing process (for review see Rosbash and Sér-
aphin, 1991). Interaction between U1 snRNP and introns 
involves base pairing between U1 small nuclear RNA 
(snRNA) and intron sequences located both at the 5' splice 
site (Zhuang and Weiner, 19Θ6; Séraphin et al., 1988; Sili-
ciano and Guthrie, 19Θ8) and, in some cases, at the 3' 
splice site (Reich et al., 1992). In addition, there is evi­
dence that some U1 snRNP proteins are required for splic­
ing and that they also play a role in 5' splice site recognition 
(Mount et al., 1983; Heinrichs et al., 1990; Hamm et al., 
1990; Smith and Barred, 1991 ; Mermoud et al., 1992; Tazi 
et al., submitted). 
LH snRNPs isolated from human HeLa cells have at 
least 11 different protein components. Eight (B', B, D1, D2, 
D3, E, F, and G) are also found in other members of the 
U snRNP family, and three (U1 70K, U1 A, U1C) are unique 
to the U1 snRNP (for review see Luhrmann et al., 1990). Of 
these, the U1A protein has been studied most extensively. 
U1A binds directly to the second hairpin loop of U1 
snRNA (Scherfy et al., 1989; Lutz-Freyermuth and Ке п , 
1989). The sequence of the protein contains two copies 
of a 70-90 amino acid motif found in a considerable 
number of RNPs, separated by a unique region (Sillekens 
et al., 1987; Bandziulis et al., 1989; Mattaj, 1989; Kenan 
et al., 1991). The N-terminal copy of the RNP motif Is in­
volved in specific interaction with U1 snRNA (Scherly et 
al., 1989,1990,1991; Nagai et al., 1990; Boelens et al., 
1991a, 1991b; Lutz-Freyermuth et al., 1990; Bentley and 
Keene, 1991 ; Hall and Stump, 1992), and the structure of 
this domain of the protein has been determined both by 
X-ray crystallography and nuclear magnetic resonance 
(Nagai et al., 1990; Hoffman et al., 1991). The terminal loop 
of the second hairpin of U1 snRNP contains the sequence 
AUUGCAC, and this sequence is both necessary and 
probably sufficient lor specific recognition by the U1A pro­
tein (Scherly et al., 1989,1990; Bentley and Keene, 1991 ; 
Tsai et al., 1991). U1 snRNA mutants that can no longer 
bind to U1A protein exhibit only very weak activity in a 
Xenopus oocyte splicing complementation assay, sug­
gesting that U1A protein is likely to play an important role 
In splicing in these cells (Hamm et al., 1990). On the other 
hand, a likely homolog of the U1A protein has recently 
been identified in Saccharomyces cerevisiae and has 
been shown not to be essential for yeast growth (Llao et 
al., submitted). 
Aside from the N-terminal RNA-binding domain, the hu­
man U1A protein contains two other domains. Nothing is 
known about possible functions of the C-terminal domain 
of U1A, although it contains a copy of the RNP motif and 
is the most conserved region of the protein (Sillekens et 
al., 1987; Scherly et al., 1991; Liao et al., submitted). The 
central region of the protein is less well conserved and has 
been shown, in the case of the human protein, to contain a 
complex nuclear localization signal (Kambach and Mattaj, 
1992). The U1A protein can be transported to the nucleus 
separately from U1 snRNA(Feeneyetal., 1989; Kambach 
and Mattaj, 1992). However, in the unbound state, the 
protein was found not to remain in the nucleus, but to 
shuttle between nucleus and cytoplasm (Kambach and 
Mattaj, 1992). This raised the possibility that U1A protein 
might have an RNA binding target and/or function sepa­
rate from the U1 snRNP. 
Here a region of the 3' untranslated region (UTR) of the 
human U1A mRNA that has been conserved in vertebrate 
evolution is examined. It is shown that this region contains 
sites that bind at least two molecules of U1A protein. By 
binding to these sites, U1A protein inhibits the polyadeny­
lation of its own pre-mRNA, suggesting a mechanism by 
which U1A protein autoregulates its own production. 
U1A pre-mRNA 3' UTR 
BOX 1 
human 
BOX 2 polyA tignai 
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Figure 1. The 3' UTRs of the Human, Mouse, 
and Xenopus U1A mRNAs 
All three mRNAs contain a 47 nt conserved 
region whose sequences are 85% identical. 
These regions contain two boxes, called box 1 
and box 2, which are homologous to the loop 
of hairpin II of U1 snRNA. This loop is part of 
the U1A protein-binding site on U1 snRNA 
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Figure 2. Direct RNA Binding Assays 
(A) Schematic representation of the assay. The 
closed box represents biotin and the open box 
and hatched area represent streptavidin-
agarose. 
(B) Nomenclature of the U1A mRNA fragments 
utilized. The protein coding sequence is indi­
cated by a box and the 5' and 3' UTRs by lines. 
The positions of the ends of the fragments in 
the U1A cONA sequence are indicated. 
(C) Binding of ^S-labeled U1A protein (lane 1, 
20% of the input protein per assay) to various 
RNA substrates. The RNAs used were U1 
snRNA (lane 2), U2 snRNA (lane 3), wild-type 
U1A mRNA (lane 4), and the U1A mRNA frag­
ments in (B) as indicated (lanes 5-9). 
(D) Binding of xS-labeled U1A protein (lane 1, 
20% of the input protein per assay) to wild-type 
U1A mRNA (lane 2), wild-type U2B" mRNA 
(lane 3), Α5'Δ3 RNA (see [В]) (lane 4), and the 
U1A mRNA mutants ΔΒ1, ΔΒ2, or ΔΒ1/2 
(lanes 5-7). In these mutants, box 1, box 2, or 
both (Figure 1) were mutated as described in 
the text. 
I U 1 U 2 Awt Α 5 Ά 1 A 3 Л1 A3 4 2 Α 5 Δ 2 A5 Δ3 
U 1 A • 
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Figure 3. Indirect RNA Binding Assays 
(A) Schematic representation of the assay. 
Symbols are the same as in Figure 2A 
(B) Precipitation of *S-labeled U1A protein 
via biotinylated bovine serum albumin (BSA) 
(lanes 1 and 6) or biotinylated U1A protein 
(lanes 2-5 and 7-10). The assay was carried 
out with or without micrococcal nuclease pre­
treatment of the in vitro translation extract and 
subsequent inactivation of the nuclease as in­
dicated. The quantity of human U1A mRNA 
(which had been used to program the transla­
tion extract) per assay prior to nuclease treat­
ment was 7 ng. Added to this were 100 ng of 
tRNA (lanes 3 and 8), 100 ng of U1 snRNA 
(lanes 4 and 9), and 100 ng of wild-type U1A 
mRNA (lanes 5 and 10). 
(C) Precipitation of *S-labeled U1A protein via 
biotinylated U1A protein after micrococcal 
nuclease pretreatment and inactivation. The 
RNAs (100 ng per incubation) added subse­
quent to nuclease inactivation are indicated 
above lanes 2-7 (see the legend to Figure 2C). 
Lane 1 contains 20% of the input protein used 
per assay. 
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Results 
The 3' UTR of U1A mRNA Contains a Conserved 
Region with Two Putative Binding Sites for 
U1A Protein 
The U1A protein sequence is conserved in vertebrates. 
The human, mouse, and Xenopus proteins exhibit more 
than 80% similarity in amino acid sequence (Sillekens et 
al., 1987; Scherly et al., 1991; M. Bennett and J. Craft, 
personal communication). Comparison of U1A cDNA 
clones from the same three species revealed, however, 
that conservation was not limited to protein coding se­
quences. A sequence of 47 nt exhibiting 85% identity was 
found in the otherwise dissimilar 3' UTRs of the three 
cDNAs (Figure 1). Strikingly, this region contains two se­
quences, labeled box 1 and box 2, that are similar or identi­
cal to the AUUGCAC sequence previously shown to be 
necessary and probably sufficient for the specific binding 
of the U1A protein to other RNAs (Scherly et al., 1989, 
1990; Tsai et al., ""991). This suggested that U1A protein 
might be able to bind to its own mRNA. 
U1A Protein Binds to the 3' UTR of U1A mRNA 
In Vitro 
To investigate this possibility, we first utilized a direct bind­
ing assay (Figure 2A). [^SJmethionlne-labeled IJ1A pro­
tein, made in wheat germ extract, was incubated with hu­
man U1A mRNA into which biotinylated UTP had been 
incorporated. Protein specifically bound to the mRNA 
could then be recovered by precipitation on streptavidin-
agarose and analyzed by SDS-polyacrylamide gel elec­
trophoresis (Scherly et al., 1989). As positive and negative 
controls for binding specificity, biotinylated U1 and U2 
snRNAs were employed, respectively (Figure 2C, lanes 2 
and 3). In this assay, U1A protein bound specifically to 
human U1A mRNA (Figure 2C, lane 4). Neither UIA52/53, 
a mutant version of U1A unable to bind to U1 snRNA (see 
below), nor the related U2B" protein was found to bind to 
U1A mRNA in this assay (data not shown). To localize the 
RNA sequences necessary for binding, various truncated 
versions of U1A mRNA were tested (Figure 2B). The re­
sults, in particular the comparison of the binding of U1A 
protein to Α3'Δ2 (Figure 2C, lane 7) and Α5'Δ3 (Figure 2C, 
lane 9) indicated that the 3' UTR contained the determi­
nants of binding specificity. 
To localize further the sequences required for U1A pro­
tein binding and to test the involvement of the box 1 and 
box 2 regions (see Figure 1), three mutants were gener­
ated. In mutant ΔΒ1, the box 1 sequence was changed 
from AUUGUAC to GGAUCCC. In mutant ΔΒ2, box 2 was 
changed from AUUGCAC to GGAUCCC, and in ΔΒ1/2 
the two mutations were combined. The binding of these 
mutants to U1A protein was tested with the direct assay 
(Figure 2A) using wild-type human U1A mRNA and Α5'Δ3 
as positive controls and wild-type human U2B" mRNA as 
a negative control (Figure 2D, lanes 2-4). 
The double mutant, ΔΒ1/2, did not bind U1A protein to 
a higher level than the negative control (Figure 2D, lanes 
3 and 7), demonstrating that boxes 1, 2, or both were 
required for specific U1A protein binding. The single mu­
tant ΔΒ1, which retains the canonical LHA-binding site 
(box 2), bound U1A protein strongly (Figure 2D, lane 5). In 
contrast, the other single mutant, ΔΒ2, which retains the 
imperfect U1A-binding site, bound U1A protein only mar­
ginally above background (Figure 2D, lane 6). This shows 
that, at least in the absence of box 2, the box 1 sequences 
were not sufficient for strong U1A protein binding. 
At Least Two Molecules of U1A Protein Can Bind 
to U1A mRNA In Vitro 
The above results left two questions open, whether the 
second noncanonical potential U1A-binding site (box 1 in 
the human and mouse, box 2 in the Xenopus U1A mRNA) 
had any function in 111A protein binding and whether one 
or more protein molecules would bind to each mRNA. To 
answer these questions, we utilized an indirect binding 
assay (Figure ЗА). Instead of incorporating biotin into the 
U1A mRNA, recombinant U1A protein, produced in Esche­
richia coli, was biotinylated (see Experimental Proce­
dures) and used for precipitation. Biotinylated bovine se­
rum albumin was used as a specificity control. 
When biotinylated, nonradioactive U1A protein was 
mixed with wheat germ extract containing f^SJmethionine-
labeled U1A protein, the labeled U1A protein could be 
selected with streptavidin beads (Figure 3B, lane 2; com­
pare control in lane 1), suggesting that complexes con­
taining more than one molecule of U1A protein were pres­
ent. Micrococcal nuclease treatment of the wheat germ 
extract prior to streptavidin selection abolished the indirect 
precipitation (Figure 3B, lane 7), suggesting that U1A com­
plex formation was RNA mediated. 
The two obvious candidate RNAs that might be involved 
in complex formation were wheat germ U1 snRNA and the 
in vitro-made human IMA mRNA added to the wheat germ 
extract to program translation. The effects of these two 
RNAs on complex formation were tested by their addition 
to nuclease-treated wheat germ extract after inactivation 
of the micrococcal nuclease by EGTA. Addition of transfer 
RNA (tRNA), as a control, or of U1 snRNA had no effect 
(Figure 3B, lanes 8 and 9). In contrast, addition of U1A 
mRNA fully restored complex formation (Figure 3B, lane 
10). If U1A protein interacts with U1 snRNA as a monomer, 
but with U1A mRNA as a dimer or multimer, one would 
predict that the addition of sufficient U1 snRNA to the 
nonnuclease-treated complex (Figure 3B, lane 2) would 
result in the loss of KS-labeled U1A protein precipitation 
in the indirect assay (Figure ЗА). This was indeed the case 
(Figure 3B, lane 4). Control tRNA had no effect on the 
complex (Figure 3B, lane 3), while addition of U1A mRNA 
slightly stimulated complex formation (Figure 3B, lane 5). 
These results will be discussed in detail later. 
To determine the role of boxes 1 and 2 (see Figure 1 A) in 
complex formation, the ΔΒ1, ΔΒ2, and ΔΒ1/2 substrates 
were tested. None of the mutants were able to mediate the 
precipitation of ^ S-labeled U1A protein above the negative 
control level in the indirect assay (compare lanes 5-7 with 
lane 3 in Figure 3C, noting that the binding to wild-type 
U1A mRNA seen in this experiment was uncharacteristi­
cally low). Thus, the integrity of either the box 1 or the box 
2 sequence is sufficient for the binding of a single molecule 
of U1A protein to U1A mRNA (see Figure 2D), but the 
presence of both boxes is required for the binding of more 
than one. 
In Vivo Autoregulation of U1A mRNA Production 
We wished to determine whether the binding of U1A pro­
tein to Its own mRNA might have functional conse­
quences. Initial experiments, involving the addition of re­
combinant U1A protein to in vitro translation reactions 
programmed with either U1A mRNA or other mRNAs, 
failed to produce any specific effect on U1A mRNA transla­
tion (data not shown). In vivo U1A mRNA production was 
therefore examined. To this end, constructs in which the 
complete human U1A cDNA (Sillekens et al., 1987) was 
inserted into the pSG5 vector (Green et al., 1988) were 
made. This vector contains an SV40 promoter driving the 
production of transcripts containing SV40 cleavage and 
polyadenylation signals and a rabbit ß-globin intron, in ad-
dition to the inserted cDNA sequences. The vector was 
chosen so as to provide heterologous signals for pre-
mRNA processing that would presumably not be possible 
targets for regulation by U1A protein (see below). A control 
pSG5 construct containing a mutant cDNA was also made. 
This encodes a version of the human U1A protein (Ащяз) 
that has been shown not to bind to U1 snRNA either in 
vitro or in vivo (Boelens et al., 1991 a; Kambach and Mattaj, 
1992) or to U1A mRNA in vitro (data not shown). Stably 
transformed mouse B6 cell lines were obtained using 
these plasmids (see Experimental Procedures). 
Western blot analysis of total protein extracted from con­
trol B6 cells or from cells expressing wild-type or mutant 
human U1A protein was carried out with a polyclonal rabbit 
antiserum directed against the U1A protein (Kambach and 
Mattaj, 1992). Note that the human and mouse U1A pro­
teins are highly conserved in sequence (M. Bennett and 
J. Craft, personal communication) and should therefore 
interact similarly with the polyclonal antiserum. Accumula­
tion of similar amounts of both versions of the human U1A 
protein was observed (compare lanes 1,4, and 7 in Figure 
4A). The effect of incubation of the cells in sodium butyrate, 
which can increase the expression of stably transfected 
transgenes (МсСи et al., 1984), was also tested. In this 
experiment, aside from slight toxicity at 5 mM sodium buty­
rate, no effect was observed (Figure 4A, lanes 1-9). How­
ever, we continued to examine endogenous mouse U1A 
mRNA from both untreated and butyrate-treated cells 
since this enabled an evaluation of the effects of the wild-
type and mutant U1A protein in three independent trials. 
To study the accumulation of mouse U1A mRNA in the 
B6 lines under these conditions, an S1 nuclease assay 
with a labeled oligonucleotide comptementarv in sequence 
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of mouse U1A mRNA was repressed approximately 10-
fold in the presence of overexpressed wild-type human 
U1A protein. 
U1A Protein Inhibits In Vitro Polyadenylation 
of Its Own Pre-mRNA 
The above results suggested that U1A protein autoregu-
lates its own production via a mechanism that governs 
U1A mRNA accumulation. To study how this might be 
achieved, we initially turned to in vitro experiments. The 
box 1- and box 2-binding sites in the U1A mRNA 3' UTR 
are found in close proximity to, and at a conserved dis­
tance from, the polyadenylation signals of the mammalian 
and frog pre-mRNAs (see Figure 1 ). This, together with the 
fact that U1A protein can enter the nucleus separately 
from U1 snRNP (Kambach and Mattaj, 1992), suggested 
that U1A protein binding might affect cleavage and polya­
denylation of U1A pre-mRNA. 
To determine whether U1A protein had any nonspecific 
2 3 4 5 6 7 8 9 10 
Figure 4. In Vivo U1A Autoregulation 
(A) Chemiluminescent Western blot for determination of the levels of 
U1A overexpression in mouse B6 cell lines. The three cell types (con­
trol B6 cells or B6 cells stably transfected with the A„ or A52,M con­
structs) are listed above the figure. Roughly equal amounts of protein 
were loaded in each lane, representing whole-cell lysate from 2 χ 10s 
cells. The cells were treated 1 day prior to harvesting with either 1 mM 
(lanes 2, 5, and 8) or 5 mM (lanes 3, 6, and 9) sodium butyrate. Lanes 
1, 4, and 7 are untreated cells. The arrow indicates the position of the 
U1A protein, with the positions of molecular size standards are shown 
on the left. 
(B) S1 nuclease protection of a »P-labeled oligonucleotide by various 
total cell RNA isolates. The oligonucleotide used is 33 nt long; 30 nt 
at the 5' end are complementary to the 3' UTR of mouse U1A mRNA. 
The RNA isolates used were from human HeLa cells (lane 2), mouse 
B6 cells (lanes 3 and 4), B6 cells overexpressing human U1 A», protein 
(lanes 5-7), and B6 cells overexpressing mutant human U1A protein 
(U1 A52,53; lanes 8-10). The cells were either mock treated (lanes 2, 3, 
5, and 8) or treated with sodium butyrate at 1 mM (lanes 6 and 9) or 
5 mM (lanes 4,7, and 10). The arrow indicates the expected protected 
product, which runs ahead of the untreated oligonucleotide (lane 1 
contains 1 % of the quantity of oligonucleotide used per reaction). 
to a nonconserved region of the mouse U1A mRNA 3' UTR 
was employed (see Experimental Procedures). A quantity 
of untreated oligonucleotide corresponding to 1 % of that 
used per assay is shown in Figure 4B (lane 1). In control 
B6 cells (Figure 4B, lanes 3-4) or in the lines overexpress­
ing the UIA52/53 mutant (lanes 8-10), endogenous mouse 
U1A mRNA was readily detected. The specific protected 
product, which is indicated by an arrow, was not seen 
when human HeLa cell mRNA (Figure 4B, lane 2) was 
used instead of mouse B6 cell mRNA. A slight reduction 
in mouse U1A mRNA was seen following incubation of the 
cells in 5 mM sodium butyrate (Figure 4B, lanes 4 and 10). 
In contrast, in the cell line overexpressing the wild-type 
human U1A protein, mouse U1A mRNA was barely detect­
able (Figure 4B, lanes 5-7). Scanning of the autoradio­
gram shown in Figure 4B revealed that the accumulation 
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Figure 5. In Vitro Polyadenylation of Adenovirus L3 Pre-mRNA 
(A) Schematic of the adenovirus 2 L3 RNA substrate (Ad L3 RNA) used 
in the 3' processing assay. The positions of the AAUAAA sequence 
and the cleavage site are indicated. The first 60 nt are derived from 
the SP64 vector, while the remainder of the sequence is from the 
adenovirus 2 L3 polyadenylation site. 
(B) Effect of the U1A protein on polyadenylation of the adenovirus L3 
RNA substrate (Ad L3 RNA). Recombinant, highly purified U1A protein 
was preincubated with the labeled adenovirus L3 RNA for 5 min at 
room temperature. Then, the 3' processing reaction was initiated by 
addition of the reaction buffers and nuclear extract. Lane 1 is input 
precursor RNA with no nuclear extract, lane 2 is polyadenylation in 
the absence of exogenously added U1A protein, and lanes 3-7 are 
polyadenylation in the presence of increasing amounts of exogenously 
added U1A protein as indicated. The RNAs were analyzed on a 6% 
(19:1) denaturing Polyacrylamide gel. Lane M is a^P-end-labeled Mspl 
digest of pBR322. The position of the precursor and polyadenylated 
products are indicated. 
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Figure 6. In Vitro Polyadenylation of U1A Pre-mRNA 
(A) Schematic of the U1A pre-mRNA substrates used in the 3' processing assay. The 125 nt RNAs were synthesized by T7 RNA polymerase and 
contain U1A sequences from VI-842 to VI-951 (Nelissen et al., 1991) cloned between the EcoRI and Hindlll sites of pGEM-3Z(+). The positions of 
boxes 1 and 2, the AUUAAA sequence, and the cleavage site are shown. 
(B) Effect of the U1A protein on 3' processing of the U1A pre-mRNA substrates. Recombinant, highly purified U1A protein was preincubated with 
the labeled U1 A», or ΔΒ1/2 substrates for 5 min at room temperature. Then, the 3' processing reaction was initiated by addition of the reaction 
buffers and nuclear extract. Lanes 1-7 were performed with labeled U1A wild-type substrate, while lanes 8-14 used the labeled mutant substrate 
ΔΒ1/2. Lanes 1 and 8 are input precursor RNAs with no nuclear extract, lanes 2 and 9 are polyadenylation in the absence of exogenously added 
U1A protein, and lanes 3-7 and 10-14 are polyadenylation in the presence of increasing amounts of exogenously added U1A protein as indicated. 
The RNAs were analyzed on a 12% (24:1) denaturing Polyacrylamide gel. Lane M is a MP-end-labeled Mspl digest of pBR322. The positions of the 
precursor and polyadenylation products are indicated. 
effect on cleavage and polyadenylation, we made use of 
the well-characterized adenovirus 2 major late L3 sub­
strate (Moore and Sharp, 1985; Christofori and Keller, 
1988). This precursor (Figure 5A) is efficiently polyadeny-
lated in HeLa cell nuclear extract (Figure 5B, lanes 1 and 
2). Control experiments with an L3 substrate containing 
a point mutation in the AAUAAA recognition sequence 
(Humphrey et al., 1987) and utilizing cordycepin to block 
polyadenylation (Moore and Sharp, 1985) confirmed the 
accuracy and specificity of these reactions (data not 
shown). Addition of U1A protein to the in vitro reaction, up 
to roughly a 500-fold molar excess over substrate RNA, 
had no effect (Figure 5B, lanes 2-7). Not surprisingly, L3 
pre-mRNA showed no specific affinity for the U1A protein 
in vitro (data not shown). 
To test the effect of U1A protein on the polyadenylation 
of U1A pre-mRNA, two substrates were utilized (Figure 
6A). The first (U1A wild type) was derived from the wild-
type human U1A gene (Nelissen et al., 1991). The second 
was derived from ΔΒ1/2, in which the U1A protein-binding 
sites were both mutant (see above). The substrates were 
tested in both the direct binding assay and in the variant 
of the indirect binding assay incorporating micrococcal 
nuclease treatment (see Figures 2 and 3). The wild-type 
substrate bound 35S-labeled U1A protein in both assays, 
whereas the mutant substrate did not (data not shown). 
Both substrates were efficiently polyadenylated in vitro 
(Figure 6B, lanes 1, 2, 8, and 9). As in the L3 pre-mRNA 
assay, a point mutation in the recognition sequence (AUU­
AAA to AUGAAA) of either substrate prevented cleavage 
and polyadenylation (data not shown). Addition of U1A 
protein to the reaction containing the ΔΒ1/2 mutant sub­
strate in up to roughly 500-fold molar excess had no effect 
(Figure 6B, lanes 9-14). However, polyadenylation of the 
U1A wild-type pre-mRNA was efficiently inhibited by 
added U1A protein (Figure 8B, 'lanes 2-7). U1A protein 
(5 ng) (Figure 6B, lane 4) represents roughly a 5-fold molar 
excess of protein over substrate RNA. Thus, U1A protein 
could inhibit the polyadenylation of its own pre-mRNA in 
vitro in a manner dependent on the integrity of the box 1 
and box 2 sequences required for its specific binding. 
U1A Protein Inhibits Polyadenylation In Vivo 
To determine whether U1A protein could specifically in­
hibit polyadenylation in vivo, we took advantage of a Plas­
mid that uses the highly active cytomegalovirus promoter 
to produce c-jun mRNA in vivo (Papavassiliou et al., 1992). 
The SV40 cleavage and polyadenylation signal of the vec­
tor was replaced with that of the U1A gene. As dia­
grammed in Figure 7A, three constructs were made, all 
having two copies of th.6 U1A polyadenylation signal ar­
ranged in tandem a* the end of the c-jun coding region. 
The three constructs had the same downstream U1A poly­
adenylation signal in which the U1A protein-binding sites 
were mutated (dériver! from л B1 /2; see above). This down­
stream polyadenylation signal served as an internal refer-
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Figure 7. U1A Regulation of Polyadenylation In Vivo 
(A) Schematic representation of the DNA constructs and RT-PCR strategy used in the transient transfection assays. Shown at the top is the 
expression vector used in these assays, which contains the cytomegalovirus promoter driving expression of the c-jun coding region (Papavassiliou 
et al., 1992). The original vector had an SV40 polyadenylation signal. In the three constructs shown here (called WT-MT, UG-MT, and MT-MT), 
the SV40 polyadenylation signal is replaced by two tandem copies of a portion of the 3' UTR of the human U1A gene containing the Α-binding sites 
and the U1A cleavage and polyadenylation signal. The upstream "test" copy has either wild-type (WT) or mutant (MT) binding sites for the U1A 
protein, whereas the downstream internal control copy has only mutant binding sites. The arrows show the location of the cleavage sites for each 
construct. For the UG-MT construct, the polyadenylation site was inactivated by a point mutation in the third position of the AUUAAA sequence. 
In the lower part of the figure, the three possible products expected from these constructs are diagrammed. Also indicated are the oligonucleotides 
used for RT-PCR, which are described in detail in Experimental Procedures. 
(B) Results of RT-PCR following transient transfection. The same cell lines used in Figure 4 (B6, AM, and Абгдэ cells) were transfected with either 
the WT-MT (lanes 1 -4), UG-MT (lane 5), or MT-MT (lanes 6-8) constructs. After 48 hr, RNA was harvested from the transfected cells and analyzed 
by RT-PCR. Lane 1 is identical to lane 2 except that no oligonucleotide was used for the RT step (mock RT). Products were detected by including 
a small amount of 5' end-labeled oligonucleotide 2 in the PCR step. Lane M is a "P-end-labeled Mspl digest of pBR322. 
enee that should not respond to U1A protein. The con­
structs differed in their upstream "test" polyadenylation 
signals. In the mutant-mutant (MT-MT) construct, the up­
stream copy also had mutant U1A protein-binding sites. 
This construct served as control, since the efficiency of 
utilization of the two cleavage and polyadenylation sites 
should not respond to changes in U1A protein level. In the 
wild-type-mutant (WT-MT) construct, the upstream copy 
contained the U1A protein-binding sites and might there­
fore be responsive to changes in U1A protein level. The 
UG-MT construct is identical to the WT-MT construct ex­
cept that polyadenylation at the upstream site is prevented 
by introducing a point mutation in the upstream polyadeny­
lation signal, changing AUUAAA to AUGAAA. These con­
structs were transfected into the three B6 cell lines de­
scribed in Figure 4. After 2 days, RNA was harvested and 
analyzed by reverse transcription (RT) and polymerase 
chain reaction (PCR). The RT-PCR strategy is outlined in 
Figure 7A. The sequences of the two oligonucleotides are 
given in Experimental Procedures. 
From the placement of oligonucleotides 1 and 2, the size 
of the RT-PCR products is expected to be 158 and 278 
nt. corresponding to RNA products 1 and 2 in Figure 7A. 
respectively. The UG-MT construct was included to en­
sure that no spurious internal priming from the accumulat­
ing product 2 DNA could occur during PCR amplification. 
Lane 5 demonstrates that the detection of product 1 is 
dependent upon an intact upstream polyadenylation sig­
nal. This result was obtained with all three B6 cell lines 
used (data not shown). Lane 1 is a control where RT was 
performed without oligonucleotide 2, demonstrating that 
the detection of products 1 and 2 is dependent on specifi­
cally primed RT. 
In these experiments, we are not attempting to measure 
the absolute level of cleavage and polyadenylation at the 
two tandem sites, but to determine whether U1A protein 
affects the relative usage of one site or the other, i.e., 
the ratio between cleavage at the tandem polyadenylation 
signals as measured by production of products 1 and 2. To 
make the results easy to appreciate visually, the amount of 
each PCR reaction loaded was chosen so as to equalize 
the amount of product 1 in each lane. 
The ratio between products 1 and 2 was the same for 
the WT-MT or MT-MT constructs in either control B6 cells 
or in B6 cells overproducing the U1A52/53 mutant protein 
(compare lane 2 with 4 and lane 6 with 8 in Figure 7B). For 
the MT-MT construct, the ratio also did not change in cells 
overproducing wild-type U1A protein (compare lanes 6,7, 
and 8 in Figure 7B). Only when the WT-MT construct was 
transfected into B6 cells overproducing wild-type U1A pro-
tein was a change observed (compare lane 3 with lanes 2 
and 4 in Figure 7B). The experiments were repeated sev-
eral times, and the combined results of two separate RT-
PCR amplifications from each of three independent trans-
férions were used to determine that the difference in 
the ratio between product 2 and product 1 when B6 cells 
overproducing the U1A wild-type protein or the mutant 
ІЛАшяэ protein were compared was 3.1 ± 0.3. A very 
similar ratio was obtained when RNAase protection was 
used to determine the result (data not shown). Thus, 
through interaction with the conserved U1A mRNA 3' UTR 
sequence, the U1A protein specifically inhibited in vivo 
cleavage and polyadenylation at an adjacent site. 
Discussion 
U1A Protein Binds to Its Own mRNA 
The in vitro binding studies presented here demonstrate 
that the human U1A protein is capable of binding to its own 
mRNA. The site in the 3' UTR of the mRNA through which 
binding occurs is conserved both in sequence and position 
relative to the cleavage and polyadenylation signal in the 
human, mouse, and frog mRNAs (Figure 1). Within each 
of the regions of similarity are two sequences, one that is 
identical to the AUUGCAC shown to be necessary and 
probably sufficient for U1A protein binding to other RNAs 
(Scherty et al., 1989,1990; Bentley and Keene, 1991 ; Tsai 
et al., 1991) and a second, identical to the first in 6 out of 
7 positions. 
Analysis of mutant versions of the human U1A mRNA 
demonstrated that these sequences were important for 
U1A protein binding and that more than one (most proba­
bly two; unpublished data) molecule of U1A protein can 
bind to each 3' UTR sequence. These data also showed 
that the AUUGUAC sequence, found in all three vertebrate 
U1A mRNAs, formed (part of) a lower affinity binding site 
than did the AUUGCAC sequence. Studies are underway 
to elucidate the structure of the region of U1A mRNA to 
which protein binding occurs and to compare it with the 
structure of the second hairpin of U1 snRNA. 
Autoregulation of U1A Protein Production 
Overexpression of human U1A protein in mouse B6 cells, 
making use of an expression vector (Green et al., 1988) 
that provides not only a promoter but also heterologous 
RNA processing signals, which would presumably not be 
targets of autoregulation, led to a dramatic decrease in the 
accumulation of U1A mRNA produced from the endoge­
nous mouse gene. Given the presence of the U1A protein-
binding sites in transcripts of the mouse U1A gene, It 
seemed unlikely that this autoregulation was at the tran­
scriptional level, although this cannot be rigorously ruled 
out at present. Since free U1A protein shuttles between 
the nucleus and cytoplasm (Kambach and Mattaj, 1992), 
its binding to either U1A pre-mRNA or mRNA could affect 
pre-mRNA processing, pre-mRNA or mRNA stability, 
mRNA transport between the nucleus and cytoplasm, or 
mRNA translation. In vitro and In vivo experiments clearly 
showed that one level of autoregulation Is at the pre-mRNA 
processing stage. U1A protein, through binding to its pre-
mRNA, inhibited cleavage and polyadenylation. The pos­
sible consequences of this (for example, blockage of nu­
clear exit or Instability of U1A pre-mRNA) are under 
investigation. It Is also conceivable that U1A protein bind­
ing could affect U1A mRNA and protein production via 
more than one of the mechanisms listed above. 
Cleavage and polyadenylation is a complex process, 
involving multiple protein factors and at least two classes 
of positively acting RNA sequences (for reviews see Wlck-
ens, 1990; Wähle and Keller, 1992). The simplest mecha-
nism by which U1A protein could act to prevent cleavage 
and polyadenylation would be to block the access of pro-
cessing factors to the essential AAUAAA (AUUAAA in hu-
man and mouse U1A pre-mRNAs) recognition sequence. 
Proximity between the U1 Α-binding sites and the cleavage 
and polyadenylation signal is conserved In the three verte­
brate U1A pre-mRNAs sequenced thus far (Figure 1). 
Other possible Inhibitory mechanisms include specific in­
teraction with one or more of the factors essential for 3' 
end processing (Wickens, 1990; Wähle and Keller, 1992) 
or the induction by bound U1A protein of an RNA structure 
refractory to cleavage, polyadenylation, or both. The mecha-
nism by which inhibition takes place remains to be eluci-
dated, but the existence of highly purified factors capable 
of catalyzing cleavage and polyadenylation in vitro (for 
review see Wähle and Keller, 1992) means that the prob-
lem can be studied in a straightforward way. 
Posttranscrlptlonal Autoregulation 
In bacteria, examples of posttranscrlptlonal autoregula-
tion of gene expression are quite common. Many of these 
involve components of the translational machinery (ribo-
somal proteins, amino acyl tRNA synthetases) that bind 
to their own mRNAs and thereby inhibit their translation 
(Gold, 1988; Springer et al., 1989; Draper, 1989, and refer-
ences therein). Regulation of either translation or mRNA 
stability can be exerted in eukaryotes by proteins that, 
similarly to U1A protein, bind to the 3' UTRs or poly(A) tails 
of mRNAs (for review see Jackson and Standart, 1990). 
The best-established case of translational autoregula-
tion of a eukaryotic protein is that of human thymidylate 
synthase. Addition of purified thymidylate synthase pro-
tein to in vitro translation reactions programmed with vari-
ous mRNAs resulted in a specific inhibition of thymidylate 
synthase mRNA translation (Chu et al., 1991). This ap-
pears to represent one of several mechanisms by which 
the activity of this enzyme is regulated in vivo (for review 
see Wellington and Belasco, 1992). In this case, se-
quences in the 5' UTR of thymidylate synthase mRNA 
required for autoregulation have been defined (Kaneda et 
al., 1987,1990), but it is not known whether thymidylate 
synthase protein can bind directly to these sequences. 
Several proteins appear to be involved In the regulation 
of splicing of their own pre-mRNAs, although it Is not estab-
lished whether they do this by pre-mRNA binding. Exam-
ples Include Xenopus ribosomal protein L1 and two pro-
91 
teins from Drosophila, products of the Sex lethal and 
suppressor of white apricot genes (for reviews see Bing­
ham et al.,1988; Arnaldi et al., 1989; Hodgkin, 1989; Mattaj 
and Hamm, 1989; Baker, 1989). On the other hand, while 
several examples of regulated polyadenylation of cellular 
pre-mRNAs have been reported (e.g., Galli et al., 1987; 
Peterson and Perry, 1989; Hedley and Maniatis, 1991), 
these do not involve autoregulation. One viral protein, the 
δ antigen of hepatitis delta virus, has been reported to 
regulate polyadenylation of its own mRNA (Hsieh and Tay­
lor, 1991). However, neither the mechanism of polyadeny­
lation of the mRNA nor that of autoregulation has been 
clearly established. 
Since we have developed both in vitro and in vivo sys­
tems in which U1A autoregulation can be manipulated, ft 
should be possible to establish the underlying mecha­
nisms involved and to examine the physiological role of 
this autoregulatory loop in more detail. It is conceivable, 
for example, that alteration of the intracellular concentra­
tion of free U1A protein could have an effect on the accu­
mulation of other components of U1 snRNP or of other 
splicing factors. 
Experimental Procedure« 
Plasmid· 
The human UIA cDNA (Sillekens et a l , 1987), and several mutants 
thereof, were subcloned into the EcoRI site of the pGEM-32f(+) (Pro-
mega) vector In the U1A cDNA done ΔΒ1, the nucleotides ATTGTA 
(located between position 1103 and 1108) were changed into a BamHI 
restriction site, as were the nucleotides ATTGCA (located between 
position 1129 and 1134) in clone ΔΒ2 Clone ΔΒ1/2 contains both 
mutations. The mutations were introduced with the help of the oligonu-
cleotide-dlrected mutagenesis system from Amersham and checked 
by BamHI-EcoRI digestion and sequencing of the done 
The Α5'Δ1 (nucleotides 117-1195) fragment was subdoned into 
рЕТЗа (AMS Biotechnology), and Α5'Δ2 (nucleotides 730-1195) and 
Α5'Δ3 (nucleotides 945-1195) were subcloned into the pGEM-3Zf(+) 
vector The 3' truncated fragments were obtained by digestion of the 
U1 AcDNAwith Ncol(3'A1. nucleotides 1-121) and Bgtll (3'Δ2, nucleo­
tides 1-949) The numbering system used throughout this manuscript 
Is derived from that of Sillekens et al (1987) by subtracting 7, since 
the previous system Included 7 nt of adaptor sequence not present 
In U1A mRNA. The Xenopus U1. U2, and the human U2B' cDNA 
constructs used for production of T7 transcripts have all been de­
scribed previously (Scherty et a l , 1908, 1990). 
In Vitro Transcription and Translation 
T7 RNAB and biotlnylaled RNAs were made in vitro as described pre­
viously using the T7 RNA polymerase system (Scherty et a l , 1990) 
"S-iabeled IMA protein was made in vitro in wheat germ extract as 
descnbed (Boelens et a l , 1991a). 
МюгососсаІ nuclease treatment of "S-labeled U1A in wheat germ 
extract was earned out as follows labeled U1A protein in wheat gemi 
extract (30 μΙ containing 7 ng/μΙ U1A mRNA) was mixed with 6 μΙ (15 
U/μΙ) micrococcsl nuclease (Amersham) and incubated in the pres­
ence of CaCI2 (final concentration, В mM) for 30 mm at 20°C The 
nuclease was inactivated by adding 4 μΙ of 0 1 M EQTA. 
Indirect Binding Assay: Precipitation of »S-Labeled U1A with 
Blotlnylated U1A Protein via RNA 
The human U1A protein was overexpressed in E coli (Boelens et a l , 
1991a), frozen and thawed in phosphate-buffered saline (PBS), and 
purified to near homogeneity from the bacterial lysate by DEAE-cellu-
lose and phosphocellulose (Whatman P11) chromatography The pu­
rity was judged to be 90%-95% by Coomassie blue staining The 
purified U1A protein was bratinylated with 6-(biotinamido) hexonoate 
(Pierce) using a 5-fold molar excess of sulfosuecinimidyl 6-(ЬюІіп-
amido) hexonoate over U1A protein in 0.1 M NaHCOs (pH θ 3). Incuba­
tion was at 20°C for 2 hr. The reaction was stopped by adding a 
100-fold molar excess of lysine followed by exhaustive dialysis against 
PBS Biotinylation of bovine serum albumin (Sigma), used as a control, 
was earned out in the same way 
Incubation was performed with 0 5 μΙ of bfotinylated U1A protein 
(1 цд/μΙ) or bovine serum albumin (1 0 μσ/μΙ), 1 μΙ of xS-labeled U1A 
protein translated in wheat germ extract (untreated or micrococcal 
nuclease treated), and 0 5 μΙ of RNA (100 ng) In β μΙ of KHN buffer 
(150 mM KCl, 20 mM HEPES-KOH [pH 7 9], 0.05% Nonidet P-40,0 2 
mM dithloerythrltol, 0 5 mM phenylmethylsutfonyl fluoride) for 1 hr at 
25°C The mixture was diluted with 500 μΙ of KHN buffer, transferred 
to a tube containing 10 μΙ of packed, prewashed streptavidin-agarose 
(Bethesda Research Laboratories), and rotated end over end for 1 hr 
at 20"C. The beads were collected by centnfugation, washed three 
times with 1 ml of KHN buffer, resuspended in 20 μΙ of SDS sample 
buffer, and boiled for 4 mm After brief centnfugation, the supernatant 
was loaded onto an SDS-potyacrylamide gel After electrophoresis, 
the gel was prepared for autoradiography by using Entensrfy (Du Pont) 
Direct Binding Assay: Precipitation of »S-Labeled U1A 
Protein with Blotlnylated RNA 
Incubation was performed with 1 μΙ of biotinylated RNA (20 ng/μΙ in 
solution containing 2 цд/μΙ yeast tRNA) and 1 μΙ of *S-labeled IMA 
protein translated in wheat germ extract in 8 μΙ of KHN buffer for 1 hr 
at 25°C. The precipitation procedure after incubation was similar to 
that described In the previous section. 
Western Blotting 
Chemiluminescent Western blotting reagents were purchased from 
Amersham Blotting was performed for U1A protein under conditions 
such that the signal is linearly proportional to the amount of input 
protein This was verified In separate expenments by blotting serial 
dilutions of whole-cell lysate (unpublished data) SDS-polyacrylamlde 
gels (13%) were blotted onto nitrocellulose membranes (29 1) for 4 hr 
at 80 V in 25 mM Tns (pH 8 3). 5 mM glycine, 0 05% SDS, and 20% 
methanol Membranes were stained with Ponceau S to ensure that the 
transfer was complete and uniform. The membranes were preblocked 
for 30 mm In A buffer (1 χ PBS brought to 1 M NaCI and 1 % Tnton 
X-100) plus 2% powdered milk The primary antibody (pAbB56, Kam-
bach and Mattaj, 1992) was diluted 1 400 in A buffer plus 2% powdered 
milk and incubated with the membrane for 1 hr followed by four washes 
of 10 mm each in A buffer alone The secondary antibody (anti-rabbit 
horseradish peroxidase) was diluted 1 500 in A buffer plus 2% pow­
dered milk and incubated 1 hr with the membrane, followed by four 
washes of 10 mm each in A buffer alone After a brief nnse in 1 χ PBS, 
the detection reagents were added for 1 mm, and the blot was air dried 
for 3 mm prior to autoradiography 
In Vitro Cleavage and Polyadenylation 
The adenovirus L3 substrates used have been descnbed previously 
(Humphrey et a l , 1987, Christofon and Keller, 1988) The U1A sub­
strates were generated from the U1A gene by PCR amplification and 
subcloning into pGEM-3Z(+) When necessary, subsequent mutagen­
esis was done using an Amersham site-directed mutagenesis kit The 
U1A substrates were synthesized by T7 RNA polymerase and contain 
U1A gene sequences from position VI-842 to VI-951 (Nelissen et a l , 
1991) plus 14 nt of vector transenpt 
All of the In vitro reactions (final volume of 20 μΙ) contain 7% glycerol, 
14 mM Tns (pH 7 4), 0 15 mM EDTA, 1 mM MgCIa, 40 U of RNaseln 
(Promega), 0 8 mM ATP, 5 mM dithiothrertol, 0 2 \ig of tRNA. 20 mM 
creatine phosphate, 7 μΙ of HeLa cell nudear extract (prepared as 
previously described in Gunderson et a l , 1990), and 0 03 pmol of 
labeled precursor RNA The reactions were prepared by adding 2 μΙ 
of labeled RNA to 11 μΙ of a mix containing the other reaction compo­
nents and immediately adding 7 μΙ of nudear extract The components 
were mixed gently and incubated for 2 hr at 30°C RNA products were 
extracted by the addition of 150 μΙ of 50 mM Tns-HCI (pH 8 0), 2 mM 
EDTA, 0 5% SDS, 0 3 M NaO acetate, and 40 μς of proteinase К 
and incubation at 65°C for 20 mm, followed by phenol-chloroform 
extraction and ethanol precipitation The RNAs were washed in 70% 
ethanol, dried, resuspended in formamide-loading buffer, and electro-
phoresed on denaturing gets The recombinant U1A protein used in 
these experiments ts the в а т · ее that described In the Indirect binding 
assay section above. 
Extraction of RNA trom Celle 
A dish with about 10' cells was washed twice with PBS, and then 2 ml 
of TEN buffer (40 mM Trls-HCI (pH 7 S|. 1 mM EOT A, ISO mM NaCI) 
was added The ceHs were collected with a cell scraper (Nunc) and 
placed on ice. Total RNA was then prepared using the guanidinium 
leothlocyanate extraction method of Chirgwin et al (1979) Cells 
were pelleted and resuspended in 2 ml of GTC (4 M guanidinium 
leothlocyanale, 0 5% sarkosyl, 25 mM sodium citrate [pH 7.0), 0.7% 
[v/v] 2-mercaptoethanot), and the mixture was repeatedly passed 
through a 21-gauge syringe needle. Then, 200 ul of 2 M sodium ace­
tate (pH 4) was added along with 2 ml of phenol (water saturated) 
and 400 μΙ of cMorofomv-isoamyl alcohol (49 1), and the mixture was 
vortexed and left on Ice for 10 mm. The mixture was spun for 20 mm 
at 12,000 к g at 4°C, and the aqueous phase was transferred to a 
fresh tube and the RNA precipitated by the addition of 2 ml of nopro-
panol and incubation at -20"C After centnfugalion (as above), the 
pellet was dissolved In 0 5 ml of GTC, transferred to an Eppendorf 
tube, and reprecipitated by adding 0 5 ml of isopropanol, incubating 
at -20*C, and centrlfuglng In a mlcrofuge at 4°C. The RNA was 
washed with 70% ethanol, dried, and resuspended In water. 
81 Nuclease Assay 
Oligonucleotide (0 07 pmol) labeled at Its 5'end with "P was added to 
total cell RNA (В цд), followed by β μΙ of 5 к PIPES buffer (200 mM 
PIPES (pH 6 4), 5 mM EDTA. 2 M NaCI), 18 μΙ of formamlde, and HjO 
to bring the volume to 30 μΙ The oligonucleotide used was 33 nt long 
(see below) The 5' 30 nt are complementary to the 3" UTR of mouse 
U l A mRNA The mixture was incubated for 10 min at B5°C and trans­
ferred quickly to a waler bath at 45*C for overnight incubation. The 
nonhybndized oligonucleotide was digested by adding 300 μΙ of SI 
nuclease buffer containing 0 28 M NaCI, SO mM sodium acetate (pH 
4.S), 4 5 mM ZnSO,, 20 μο7πιΙ singte-slranded DNA. and 300 U/ml SI 
nuclease, followed by Incubation at 37°C for 60 mm 
The reaction was slopped by adding 80 μΙ of SI stop buffer con­
taining 4 M N H . acetate. SO mM EOTA, 50 цд/μΙ IRMA, and 1 vol of 
Isopropanol The precipitate was spun down, washed with 70% etha­
nol, dned. resuspended in formamlde-loading buffer, and separated 
on a denatunng acrylamide gel 
The sequence of the oligonucleotide was GGGGGGAAGGGACTG-
GGGTACTCCATAGGGTTT 
Transtent TranefecUona and RNAaaa Mapping 
Transient transfections were performed as previously descnbed (Sim-
men et al., 1992) with the following modifications. Calcium phosphate 
precipitates were formed with 10 цд of each DNA construct, along with 
2 цд of pUC19 and 2 цд of a human U6 maxigene (Simmen et al., 
1992) that served as an internal control for transfection efficiency 
As described In Figure 7A, RT-PCR was used to detect the poty-
adenylatlon products from the transfections. Oligonucleotide 1 is Iden­
tical to a segment of the c-jtm coding region, and ita sequence Is 
5'4ÎTTGCAAGAATTCCATCACCATCACC-3' 
Oligonucleotide 2 is complementary to the poty(A) tail and 3 nt up-
stream of the cleavage site of U1A pre-mRNA, and its sequence Is 
Both oligonucleotides were gel purified RT was carried out by hy-
bridization of S цд of total cell RNA from a given transfection to 5 ng 
of oligonucleotide 2 at 44*C f o r i hr, followed by extension with avian 
myeloblastosis virus reverse transcriptase for an additional 30 min at 
44°C. The final reaction volume (10 μΙ) contained 50 mM Tris (pH 8.0), 
40 mM KCl, 0 5 mM EOTA, 10 mM MgCI¡, 1 mM dlthiothrertol, 0.125 
mM of each dNTP, 50 цд/ті actlnomycin D, and S U of avian myeto-
blaetosls virus reverse transcriptase. The reactions were phenol-chlo­
roform extracted, precipitated, and resuspended in TE buffer. Using 
0 8 цд of oligonucleotides 1 and 2 along with 20 ng of r-ATP-labeled 
oligonucleotide 2. 1/20 of each RT reaction was amplified by PCR 
PCR conditions were 20 cycles at 95°C for 38 s, 51'C for 80 s, and 
72*C for 78 β. PCR products were phenol-chloroform extracted, pre­
cipitated, resuspended in formamide4oading dye, and separated on 
8% denatunng gels. Denaturing gels were analyzed by autoradiogra­
phy, and signals were quantified using a phosphoimager (Molecular 
Dynamics) 
Production of Stable Сей Linea 
Stable transfectantB that overexpress the U1A protein were generated 
according to Hentze et al (1988) ThepSGS-U1A„conetnjctcontained 
the complete cDNA sequence from positions 1-1195 (SlUekens et e l , 
1987; see Plasmids section above), while pSG5-U 1 A n » contained the 
same cDNA fragment in'which amino acid positions 52 and 53 had 
been mutated from Arg-Gly to Gly-Ser (Scheriy et a l , 1989). These 
constructs were cotranstected together with the plasmid pHSV-108 
(McKnight and Gavis, 1980), which encodes »те herpes simplex vims 
thymidine kinase gene, into munneBS fibroblasts Transformants were 
selected in medium containing hypoxanthine, aminoptenn. and thymi­
dine From each transfection, 12 independent colonies were isolated 
and charactenzed for U1A protein expression by metabolic labeling 
with ["SJmethionlne and subsequent U1A Immunoprecipltation The 
dones B67U1 AH #6 and B6/U1 A m i #2 were selected for further experi­
mentation based on their high level production of human Ul A protein. 
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Summary 
The U1 and U2 small nuclear ribonucleoprotein particles (snRNPs) belong to a 
family of U snRNPs which have an essential role in the removal of introns from 
messenger RNA precursors, a process which is called pre-mRNA splicing. The excision 
of an intron and the subsequent ligation of the exons requires highly specific 
interactions between these snRNPs and specific recognition signals present on the 
mRNA precursors. The U1 and U2 snRNPs are complexes containing U1 and U2 RNA, 
respectively, plus 8 common proteins which are named B, B', D1, D2, D3, E, F and G. 
In addition to the common proteins, several specific proteins, such as U1-70K, U1A 
and U1C in U1 snRNP and U2A' and U2B" in U2 snRNP, are present. To be able to 
understand the function of the U1 and U2 specific proteins during the splicing reaction, 
it is essential to know where and how these proteins bind the U RNA. In this thesis 
studies on the RNA-protein and protein-protein interactions essential for the binding of 
the U1A, U2B" and U2A' proteins to the cognate RNAs are described. 
It was already known that the U1A and U2B" proteins are very homologous and 
that they both contain two copies of an RNP-80 motif which is present in many other 
RNA binding proteins. Despite this homology, the proteins bind to different RNAs and 
for this reason they can be used to study the basis of specificity in RNA-protein 
interactions. 
In chapter 2 the analysis of the interaction between the U1A protein and U1 
RNA is described. The binding site for the U1A protein on the RNA is shown to be 
located in hairpin II and the evolutionary conserved loop sequence of this hairpin is an 
essential part of the binding site. The minimal fragment of the U1A protein capable of 
binding specifically to U1 RNA consists of amino acids 1-101. This region contains one 
complete copy of the RNP-80 motif. 
Chapter 3 describes the identification of specificity determinants of the 
interaction between the U1A and U2B" proteins and their cognate RNAs. Despite the 
extensive similarity between the two proteins, the U1A protein recognizes U1 snRNA 
on its own, whereas U2B" binds specifically to U2 RNA only in the presence of a 
second protein, the U2A' protein. The binding site of the U2B" protein is shown to be 
hairpin IV of the U2 snRNA. The loop of this hairpin is homologous to the loop of U1 
RNA which is involved in the binding of the U1A protein. The nucleotides of the U1 and 
U2 RNA responsible for the discrimination between U1A and U2B" proteins have been 
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determined with the help of hybrid versions of U1 and U2 RNA. It was found that for 
this discrimination only two nucleotides of the binding sites are essential. Furthermore, 
within the RNA binding domains of the U1A and U2B" proteins a small region of 10 
amino acids, crucial for RNA binding specificity, could be located. 
Since little was known about the function of the RNP-80 motif in RNA binding 
the interaction of the U1A protein with the U1 RNA has been studied in more detail. 
The effect of point mutations, deletions and insertions in the RNA binding domain of 
the U1A protein has been analysed (chapter 4). Furthermore, with the help of hybrids 
of the U1A and U2B" proteins the regions specific to the U1A protein involved in 
discrimination between U1 and U2 RNAs were determined (chapter 5). 
It was found that the U2B" protein needs an extra factor, the U2A' protein, in 
order to be able to bind specifically to U2 RNA (chapter 3). With the help of in vitro 
studies it was analysed how the U2A' protein enhances the binding specificity of the 
U2B" protein. It was also found that the U2B" and U2A' proteins are able to form a 
complex in the absence of U2 snRNA. The U2B"-U2A' interaction was studied by using 
U2B" mutants (chapter 6) and U2A' mutants (chapter 7). The smallest fragment of the 
U2B" protein able to bind U2 snRNA in a specific manner (amino acids 1-88) is also 
the minimal fragment required for complex formation with the U2A' protein. The N-
terminal 164 amino acids of the U2A' protein are essential for binding the U2B" 
protein. Since the U1A protein does not interact with U2A' it was possible to use 
hybrids of U2B" and U1A protein to determine which amino acids in the U2B" protein 
are involved in the interaction with the U2A' protein. 
In chapter 8 a post-transcriptional autoregulatory mechanism for the production 
of the U1A protein in the cell is described. In the 3' untranslated regions (3'UTRs) of 
the U1A mRNAs of human, mouse and frog a conserved region was found containing 
two U1A protein binding sites. These binding sites are located near to the cleavage and 
polyadenylation signals of the various pre-mRNAs. Overexpression of the human U1A 
protein in mouse cells resulted in a dramatic decrease in the accumulation of 
endogenous mouse U1A mRNA. With the help of in vitro and in vivo polyadenylation 
assays it was established that binding of the U1A protein to its own pre-mRNA inhibits 
its polyadenylation. These results led to the conclusion that the U1A protein regulates 
the production of its own mRNA via a mechanism that involves pre-mRNA binding and 
inhibition of 3' processing. 
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Samenvatting 
Elk eiwit heeft een specifieke volgorde van aminozuren welke bepaald wordt 
door een klein gedeelte van het erfelijk materiaal, een gen genaamd. Een dergelijk gen 
kodeert voor een boodschapper RNA (mRNA), dat op zijn beurt gebruikt wordt voor de 
aanmaak van eiwit. Het primaire mRNA produkt (pre-mRNA) van een gen bevat in het 
eiwit-koderend deel dikwijls niet-koderende gebieden, intronen genaamd. Deze intronen 
moeten heel precies verwijderd worden voordat het mRNA te gebruiken is voor de 
aanmaak van eiwitten. Bij dit zogenaamde splicingproces wordt het intron uit het pre-
mRNA geknipt, waarna de eiwit-koderende gebieden (exonen) aan elkaar worden gezet. 
Voor dit ingewikkelde proces zijn tal van specifieke cellulaire faktoren nodig die signalen 
op het pre-mRNA kunnen herkennen. Twee van deze factoren zijn de zogenaamde U1 
en U2 snRNPs. 
Het U1 en U2 snRNP zijn complexen die bestaan uit één RNA molekuul, 
respektievelijk U1 en U2 RNA, waaraan verschillende eiwitten zijn gebonden. De 
eiwitten zijn onderverdeeld in twee groepen: de algemene eiwitten B, B', D1, D2, D3, 
E, F en G die voorkomen in verschillende U snRNPs en de U snRNP specifieke eiwitten 
die alleen voorkomen bij één type U snRNP. De tot nu toe bekende U1 snRNP specifieke 
eiwitten zijn U1-70K, U1A en U1C genoemd terwijl de bekendste U2 snRNP specifieke 
eiwiten U2B" en U2A' heten. Om een beter begrip te krijgen van de funktie van deze U 
snRNP specifieke eiwitten in de splicingreaktie, is het noodzakelijk te weten waar en 
hoe deze eiwitten aan het U RNA binden. 
Het onderzoek beschreven in dit proefschrift is gericht op de opheldering van de 
RNA-eiwit en eiwit-eiwit interakties die nodig zijn voor de binding van de eiwitten U1A, 
U2B" en U2A' aan het bijbehorende RNA. Het was reeds bekend dat de U1A en U2B" 
eiwitten sterk op elkaar lijken en dat beide eiwitten twee kopieën van een motief (het 
zogenaamde RNP-80 motief) bevatten dat vaak voorkomt bij RNA-bindende eiwitten. 
Ondanks de sterke nomologie binden beide eiwitten echter aan verschillende RNAs 
waardoor ze bijzonder interessant zijn voor de bestudering van de specificiteit van eiwit-
RNA interakties. 
Na een algemene inleiding (hoofdstuk 1 ) wordt in hoofdstuk 2 de analyse van de 
interaktie tussen het U1A eiwit en het U1 RNA beschreven. Het bleek dat het U1A 
eiwit alleen de tweede stam-lus struktuur van het U1 RNA nodig heeft voor binding. 
Van de stam-lus struktuur is alleen de lus evolutionair goed geconserveerd en deze lus 
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bleek dan ook essentieel te zijn voor de specifieke interaktie met het eiwit. Het deel van 
het U1A eiwit dat op zichzelf al voldoende is om aan U1 RNA te binden bevat de N-
terminaal gelegen 101 aminozuren. Dit deel bevat één complete kopie van het RNP-80 
motief. 
In hoofdstuk 3 wordt beschreven welke elementen van de U1A en U2B" 
eiwitten en van de U1 en U2 RNAs belangrijk zijn voor de bindingsspecificiteit. Een 
opmerkelijke bevinding was dat het U2B" eiwit alleen specifiek U2 RNA herkent in de 
aanwezigheid van het U2A' eiwit. Dit in tegenstelling tot het LM A eiwit dat geen extra 
factor nodig heeft voor specifieke U1 RNA binding. De bindingsplaats voor het U2B" 
eiwit is gelokaliseerd in de vierde stam-lus van het U2 RNA. De lus van deze struktuur 
is homoloog aan de lus van het LM RNA die betrokken is bij de binding van het LM A 
eiwit. Om de nucleotiden van het LM en U2 RNA, die verantwoordelijk zijn voor de 
specifieke interakties met respektievelijk het LM A en het U2B" eiwit te lokaliseren, 
werden LM en U2 RNA hybriden gemaakt. Met behulp van deze mutanten is gevonden 
dat slechts twee nukleotiden van het LM en U2 RNA belangrijk zijn om onderscheid te 
maken tussen het LM A en U2B" eiwit. Daarnaast is met behulp van LMA-U2B" 
eiwithybriden gevonden dat een klein gebiedje van slechts 10 aminozuren gelegen in 
het RNA-bindend domein van beide eiwitten een essentiële funktie heeft bij de 
herkenning van LM of U2 RNA. De delen die de specificiteit van de eiwit-RNA interaktie 
bepalen, van zowel de LM A en U2B" eiwitten als van de bijbehorende RNAs, vormen 
dus slechts een beperkt onderdeel van de veel uitgebreidere bindingsplaatsen. 
Omdat nog weinig bekend was over de funktie van het RNP-80 motief bij RNA 
binding is de interaktie tussen het LM A eiwit en het LM RNA ook in meer detail 
bestudeerd. Gekeken is naar de effekten van puntmutaties, deleties en inserties in het 
RNA-bindend domein van het LM A eiwit op de binding van LM RNA (hoofdstuk 4). 
Verder zijn hybriden gemaakt van het LM A en U2B" eiwit om na te gaan welke 
gebieden van het LM A eiwit betrokken zijn bij de binding aan LM RNA (hoofdstuk 5). 
Ondanks de grote nomologie tussen het U2B" en LM A eiwit heeft U2B" een 
extra faktor, het U2A' eiwit, nodig om specifiek aan het U2 RNA te kunnen binden. Met 
behulp van in vitro studies is bekeken hoe het U2A' eiwit de bindings-specificiteit van 
het U2B" eiwit verhoogd. Gevonden werd dat U2B" en U2A' eiwitten elkaar kunnen 
binden in afwezigheid van het U2 RNA. Deze U2B"-U2A' interaktie is onderzocht met 
behulp van U2B" mutanten (hoofdstuk 6) en U2A' mutanten (hoofdstuk 7). Het bleek 
dat het kleinste fragment van U2B" eiwit dat nog in staat is om U2 RNA te binden 
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(aminozuur 1 - 88) tevens het minimale fragment is dat een complex kan vormen met 
het U2A' eiwit. Het 164 aminozuren lange N-terminale uiteinde van het U2A' eiwit 
bevat de U2B" eiwit bindingsplaats. Dit deel van het eiwit bevat een leucine-rijke 
volgorde welke mogelijk belangrijk is voor deze eiwit-eiwit interaktie. Door gebruik te 
maken van U1A-U2B" hybriden konden de aminozuren van het U2B" eiwit die 
betrokken zijn bij de interaktie met het U2A' eiwit gelokaliseerd worden. Zowel in 
hoofdstuk 6 als 7 wordt de rol van het U1A' eiwit bij het verhogen van de RNA-
bindings-specificiteit van het U2B" eiwit bediskussiëerd. 
In hoofdstuk 8 wordt een autoregulatoir mechanisme voor het U1A eiwit 
beschreven. In het 3' uiteinde van het U1A mRNA (3' UTR) van zowel mens, muis als 
pad werd een geconserveerd gebied gevonden waarin twee U1A eiwit bindingsplaatsen 
aanwezig waren. Deze bindingsplaatsen bleken dicht bij het polyadenylerings-signaal 
van het pre-mRNA te liggen. Een langdurige overexpressie van het menselijke U1A eiwit 
in muize-cellen veroorzaakte een sterke afname van het endogene U1A mRNA. Met 
behulp van in vitro en in vivo polyadenylerings-experimenten kon worden aangetoond 
dat de binding van U1A eiwit aan U1A pre-mRNA de polyadenylering remt. Hieruit werd 
geconcludeerd dat het U1 A-eiwit zijn eigen produktie kan regelen via een mechanisme 
waarbij het eiwit zijn eigen pre-mRNA bindt en op die manier de rijping van het pre-
mRNA verhindert. 
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